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An experimental investigatiun is in progress to determine whether
the 0.4 per cent by weignt of sulfur allowed in JP-5 fuel is g safe level
for the protection of turbine-blade alloys used in high-performance
engines.

Specimens of a nickel-base alloy (Inconel 713C) and the alloy
with either an aluminum-diffusion coating (Misco MDC-1) or an aluminum-
chromium~diffusion coating (Mitico MDC-9) were exposed to vitiated air
from the Phillips 2-inch combustor (60 air-fuel ratio) at high pressure
(15 atmospheres), high velocity (745 ft/sec), and high temperature (2000 F)
with 5-hour sampling periods and test durations of up to 55-hours. Tests
were conducted at all combinations of three levels of sulfur in fuel
(<0.0040, 0.040 and 0.L0 weight per cent) with two levels of "sea salt™
in air (zero and 1.0 ppm). With one coating (Misco MDC-1), tussts were
also conducted with 10.0 ppm "sea salt" in air and three levels of sulfur
in fuel (<0.0040, 0.40 and 4.0 weight per cent). The use of specimen
weight-loss as a measure of hot-corrosion attack was validated by metal-
lographic examination which showed the absence of deep intercrystalline
attack.

Exponential equations of welght-loss with time have teen dsvelop-
ed and statistically-significant effects have been identified at a 95
per cent confidence level. In all comparisons the removal of "sea salt®
from air significantly decreasec the relative rate cf corrosion; thus,
indicating sea salt to be a primary-causative agent of hot corrosicm,
The effect of sulfur in fuel varied with the superalloy coating and the
absence or presence of "sea salt". In the absence of "sea salt® in air
a reduction of sulfur in fuel from the present limit to either 0.040 or
<0.0040 weight par cent decreased attack with one coated superalloy and
increased attack with the other. In the presence of 1.0 ppm "sea salt"
in air, a reduction in sulfur to 0.040 weight per cent had no significant
effect on attack; however, a reduction to <0.0040 weight per cent
significantly decreased the relative rate of attack for both coated
superalloys.
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EFFECT OF SULFUR IN_JP-5 FUEL ON HOT CORROSION OF COAED SUPERALLOYS

IN MARINE FNVIRONMENT

1. INTRODUCTION

The corrosion of hot--section parts in modern aircraft-turbine
angines is one of the factors that determines the time before overhaui.
With oreratior in a marine environment it becomss a major factor in
limiting engine life. Various terms have baan used to identify this
accelerated attack cn the superalloys from which hot-section parts are
fabricatad., We favor the term "hot corrosion,” and will use it in
this report to indicate the attack by sea salt on superalloys at high
temperature.

Considerable matal loss can be sustained by hot-section
parts bafore failure because hot corrosion advances on a brocad front.
The attack is ied by penetration of randomly dispersed light-grey
Zlobules of metalic sulfide. The formation of these sulfidaes is
assoclated witn changas, characterized by chromium depletion, in the
surface composition of the alloy. Rapid oxidation of the weakened
layar of the alloy follows. Because of the prominent band ol preci-
pitated sulfides preceding surface oxidation, hot corrosion is fre-
guently identified as "suifidation.” This has focused attention or
the sulfur content of the fuel as being “he principal causative agent
of hot corrosicn. If so, hct corrosion couid be controllad by fuel
specification. Mcre restrictive limitaticns on the amount of sulfur
allowed in aviation-turhine fueis have been proposed for this puruveoce,
particularly fo: naval operaiions.

Most specifications for aviation-turtine fuei allow a sulfur
content of U.4U welghl per cent. A significant reduction in the
sulfur limit would certainly decrease the amount of avaiiatle fuel.
Also, a more restrictive spacification carries with it the potential
of higher cost, and a modest increase can amount to a substantial sum
because of the large volumw involved. Therefore, proposals to lower
the sulfur content ol aviation-turbine fuel must Le approached with
caution.
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Many investigztors feel that deposition of sodium sulfatie
on the metal surface 1s a normal precursor to hot corrosion. Some
have reasoned that sodiur: from sea salt and sulfur from fuel combine
to form the cbjectionable sodium sulfate. However, compounds other
than sodium chloride are preseat in sea salt. Sea salt contains 11
per cent by weight of sodium sulfate. Control of hot corrosion by
reducing sulfur in fuel to remove one of the critical ingredients
from the salt-sulfur combination ignores the sulfur in sea salt.

For clarification, the Naval Air System Command has supported
cur work tc determine whether the maximum suifur content of 0.40
weight per cent, currently allowed in grade JP-5 aviation-turbine
fuel, is a safe level for protecticn of turbine alloys in high perfcrm-
ance engines when operated in a marine environment.

In previous studies, reported in detail by Schirmer and Quigg
(1), we attempted to simulate the environment in the turbine section of
an aircraft engine with respect to temperature, velocity, pressure, and
stoichiometry by use of a high-pressure test facility, originally
developed for evaluating the comuustion characteristics of aviatisn-
turbine fuels. The test programs includsd the effect of three levels
of sulfur in fuel on hot corrosicn of six superalloys, one of which
was aluminum coated, at five levels of temperature and three levels of
"sea salt" in air. The five hours of test duration used was sufficient
for extensive corroaion of all of the uncoated supsralloys under soms
conditions. It was concluded that an order-of-magnitude reduction (0.40
to 0.040 weight per cent; in sulfur content would not decrease hot
corrosion, and r> change in fuel specification was indicated. The
aluminum-diffu .on coating (Misco MDC-1) on Inconel 713C resulted in
a material immune to attack under the conditions of exposure used dur-
ing this investigation; therefore, no measurs of the effect of sulfur
in fuel on the hot corrosion of a coated superalloy was obtained.

Coating of superalloys is one method which has been demon-
strated to reduce attack by sea salt. To measure the effect of suv)fur
in fuel on hot corresion and the extent of protection afforded by a
coating, an exploratory "life" test (2) was undertaken with Misco MDC-1
coated Inconel 713C. The test duration was extended to obtain exteasive
corrcsion at the 2000 F test condition with 10.0 ppm "sea salt" in air.
Two tests were included in the investigation; one test with the speci~
ficstion-maximum concentration of C.40 weight per cent sulfur in fuel,
and the other with an essentially sulfur-free fuel (<0.0040 weight
per cent). It was found that deterioration of the coating had progress-
ed sufficiently in 10 to 20 hours of exposure to evidence catastrophic
rates of corrosion. With the rapid rate of attack, the data were rather
badly scattered; but, there was evidence that sulfur in the fuel in-
hibited hot ~or—~csion at this relatively severe ccadition.
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The purpose of our current investigation is to examine in
creater detail the effect of sulfur in fuel on the hot corrosion of
coated superalloys in a marine environment. Three levels of sulfur in
fuel (<0.0040, 0.C40, and 0.40 weight per cent) and two levels of
"sea salt® in air (zero and 1.0 ppm) are included in the program, with
exposure at the 2000 F test condition used in previous studies. In
addition, tests were conducted with 10.0 ppm "sea salt® in air, at
three levels of sulfur in fuel {<0.0040, 0.40, and 4.0 weight per
cent), with one of the coated superalloys. Test duration has been
extended up to 55-hours, with remouval of test specimens at 5-hour
intervals to obtain a series of specimens for esach combination of
sulfur in fuel anu "sea salt® in air,

A concentration of 1.0 ppm "sea salt" in air, which is reul~
istic for many naval-aircraft operations, was selected for the major
portion of the program to similate a marine environment. It was hoped
that a decrease in experiuental error would accompany the reduction in
saverity of attack from the catastrophic levels experienced with a
concentration of 1C ppm during the exploratory program.

Work has been completed showing the effect of sulfur in fuel
on the hot corrosion of one superalloy (Inconel 713C) and two different
coating-alloy systems (Misco MDC-1 and Misco MDC-9 on Inconel 713C).
Inconel 713C is a nickel-base alloy., Misco MDC-1 is an aluminum-~
diffusion coating containing non-metallic dispersicns, and Misco MDC-9
is a composile coating rich in aluminum and chromium. An analysis of
these data is presented in this report.
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2. CONCLUSTONS

Expariments have been conduct=d, using a high-pressure burner
rig, to evalrrte the effect of sulfur in JP fuel on the hot corrosion
of coated turbine-~blade materials. The durability of two diffusion-
type coatings, differing in composition, have been investigated at a
2000 F test condition, which simulates exposure in a high-performance
engine when operated in a marine environment. Also, for reference
purposes, data have been obtained in the absence of "sea salt", and
with the uncoated superalloy.

The use of weight loss by test specimens as a measure of
hot-corrosion attack was validated by metallographic examination, which
showed corrosion advancing on a broad front without deep intercrystalline
penetration. Electro-cleaning in a hot-caustic bath was used to remove
accumulated metal-oxidaticn products and sea-salt residues from Misco
MDC-1 coated Inconel 713C specimens, and also from the uncoated super-
alloy; however, it was found to be too severe for the Misco MDC-9 coated
Inconel 713C specimens, and they were sonically-cleaned in a water bath.

Exponential equations of weight loss with time were developed
which permit evaluating the effects of three levels of sulfur in fuel
(< 0.0040, 0.040, and 0.40 weight per cent) and two levels of "sea salt"
in air (zero and 1.0 ppm). For one of the coating-alloy systems the
effect of "sea salt" was extended to a third level (10 ppm). The follow-
ing conclusions can be drawn at a 95 per cent confidence level.

A. In all comparisons, a reduction in the concentration of "sea
salt®™ in air, or its removal from the air, significantly
decreased the relative rate of corrcsion; thus, indicating
sea salt to be a primary-causative agent in the hot corrosion
of both coated and bare superalloys in a marine environment.

B. In the absence of Msea salt" in air, a reduction of sulfur
in fuel from 0.40 to either 0.040 or €0.0040 weight per cent:

(a) significantly decreased the relative rate of corrosion
on Misco MDC-1 coated Inconel 713C,

(b) had no significant effect on ihe relative rate of
corrosion for Misco MDC-9 coated Inconel 713C, but
sigrniicantly increased the level of attack on this
coated superalloy, and

(c) had no significant effect on the relative rate of
corrosion for uncoated Inconel 713C.

While statistically significant differences in the relative
rates of corrosion were detected, the levels of attack were
very low and may not be of practical significance.
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C. In the presence of 1.0 “sea salt" in air, a reduction of
sulfur in fuel from 0.40 to C.O40 weight per cent:

(a) had no sigrificant effect on the relative rate of
corrosion for either Misco MDC-1 or MDC-9 coated
Irconel 713G, and

(b) had nc significant effect on the relative rate of
corrosion for uncoated Inconel 713C, but significantly
decreased the level of attack on this uncoated superalloy.

Hovwever, a further reductiun of sulfur in fuel from 0.40 to
<0.0040 weight per cent significantly decreased the relative
rate of corrosion on both Misco MDC-1 and MDC-9 coated Inconel
713C, as well as on the uncoated superalloy.
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3. RECOMMENDATIONS

The primary objective of this investigation is to determine
whether the 0.4 weight per cent sulfur currantly allowed in grade JP-5
fuel is a safe level for the protection of turbine blades in aircraft
engines of advanced design.

Programs have been completed which allowed an evaluation of
the effect of sulfur concentrat.on in fuel on the durability of bare
superalloys (1). It was concluded that a reduction in sulfur content
by an order of magnitude, tc 0.04 weight per cent, would not reduce
hot corroasion significantly. Therefore, it was recommended that no
change in the sulfvr iimit for JP-5 be made to alleviate hot-corrosicn
attack on turbine blades.

That recommendation was tempered by another tc extend this
investigation to evaluate the effect of fuel sulfur on the protection
afforded by coatings. Those data were sought bocause superalloys hav-
ing the most desirable physical properties are more susceptible to hot
corrosion and require coatings for satisfactory durability.

Programs have been completed which allow an evaluation of
the effect of sulfur concentration in fuel on the durability of coated
superalloys. Our analysis of the data from these programs shows one
case where a reduction of sulfur in fuel from the present limit to
0.04 welght per cent significantly decreased hot corrosion, and another
case where the attack was significantly increased. This indicates that
our previous recommendation based upon a study of bare superalloys,
can be extended to coated superalloys.

It is emphasized that additional davs are required with other
coating-superalloy systems and other exposure temperatures before making
a final recommendatio.i.
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L. RESULTS AND DISCUSSION

This experimental investigation was designed to permit
comparisons showing the effect of sulfur concentration in JP-5 fuel
on the hot corrosion of coatsd superalloys in a marine environment.
To characterize the principal levels of interest, data were obtained
with three concentrations of sulfur in the fuel (0.40, 0.040, and
< 0.0040 weight per cent), representing specification maximum, produc-
tion median, and essentially sulfur-free fuels., A marine environment
was simulated by the addition of "sea salt"™ to the air (1.0 ppm).
Two diffusion-typs coatings were used in this investigation; one rich
in aluminum (Misco MDC-1) and the other rich in aluminum and shromium
(Misco MDC-9), both applied to the same nickel-base alloy (Inconel
713C). Also, for reference purposes, data were obtained in the absence
of "sea sait", and with the unccated superalloy.

In previous studies (1) aluminum-costed specimens (Misco
MDC-1 on Inconel 713C) were immune to attack under all combinations of
temperature, sulfur in fuel, and "sea salt" in air with the standard
5-hour test duration. The present experiments were designed to stress
the coating to failure by extending test duration and, thereby, permit
evaluating the effect of sulfur in fuel on the durability of coated
superalloys. Using a l-hour cyclic procedure. test specimens were
removed, with replacement, at 5-hour intervals to obtain a series of
specimens with exposures of up to 55 hours duration.

To simulate the environment in the turbine section of an
aircraft engine, a cascade holder supporting six tsst specimens was
mounted in the exhaust section of Phillips 2-inch combustor. The
facility was operated to obtain sxpusuvs of tha test gspecimens at high
pressure (15 atmospheres), high temperature (2000 F), high velocity
(745 feet per seccnd), and realistic stochiometry (60 air-fuel ratic).

Further details concerning the test equipment, test matarials,
and test programs are presented in Append*ce 2, 3, and 4, respectively,
hich are Sections Y, lU, and 11 of this report.

There is no generally-accepted criterion at the present time
fnr determining the effactive 1ife of a coating on a superallny. Eval-
uations have been based on weight loss by specimens, visual appearance

Of Spebimeu:s, and combinations of both.

In a previous investixation (3) an equation was developed
for calculating the depth of penetration of attack from weight loss,
assuming a uniform depth of penetration cu all surfaces. From this
equation the waight loss for a uniform loss of 0.0002 inches (the
thickness of the "oablxg) from all surfaces of the spccimen was cal-
culated to be 790 mg, or 39 mg/cm?. While hot corrosion characteris-
tically advances on a bread front, the attack is usually somewhat
localized on the surface; thus, the coating would probably be penetra-
ted before all of it is removed, and a value of 39 mg/cm2 would be high,

9 _
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Whitfield and Parzuchowski (L4) established a weight loss
of 0.100 grams as the criteria for fullure of coated specimens. Using
dimensions of the corrosion bars given by Danek (5), the surface area
of their specimens is calculated to be 20.00 cm?, From these figures
we calculate the criteria for failure of the coating to be 5.0 mg/cm2,

Visual examination of test spscimens from our programs in-
dicate that coatings have been penetrated on specimens showing "Light
Surface Attack: or "Light Edge Attack", based on a visual-rating scale
which will be described later. A weight loss of 5 mg/cm? falls in the
range of weight losses obtained for visual ratings of "Light"™ and would
represent a reasonable criteria for coating failure.

In this report test specimans will be examined with respect
to both weight loss and visual attack to evaluate the effect of sulfur
in fuel and "sea salt®™ in air on hot corrosion.

4.1, Visual Ratings

The condition of Misco MDC-1 coated Inconel 713C specimens
following extended exposure at the 2000 F test condition, both with
and withcut "sea salt"™ in air, is shown in Figure 1. These photo-
graphs were taken with the specimens still mounted in the cascade
holder to show the undisturbed accumulation of deposits. Typically,
the specimens are quite clean in the absence of "sea salt"; however,
with ingestion of Msea sait™, the attack 1s accelerated and considerable
accumulation of deposits was observed. These deposits tend to flake-
off the test specimens during cooling to room *.emperature, which in-
dicates a significant differenre in their coefficients of expansion.
Analycis of deposits accumulaced at the 2000 F condition in the presence
of 10.0 ppm "sea salt™ in air are presented in Table 1, and show them
to be metal oxide corrosion products with Iittle evidence of "sea salt"
residue or reaction products, Following removal from the cascade holder,
specimens were cleanea in preparation for measurement of the extent
of attack,

Visual ratings of each Misco MDC-1 coated Inccnel 713C test
specimen are shown in Tables 10 to 12 of Appendix 1, and for the Misco
MDC-9 coated Inconel 713C specimens in Tables 13 and 14 of Appendix 1.
The aystem used in obtaining these ratings was davelaped from an
examination of the coated specimens from Lhese programe, and is shown
in Table 2. The photographic standards used for rating surface and
edge attack of the specimens are shown in Figures Z and

[=5
o
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EXPOSURE FUEL SEA SALT

TIME, SULFUR, IN AIR,
HR % PPM
55 <o.ooao\

k NONE

55 0.40 J

35 € 0.0040 )

40 0.40 _J
s )
10 ><0.0040 10.0

ACCUMULATICN OF OEPOSITS ON SPECIMENS AT 2000 F TEST CONDITIO!N
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TABLE 1
ANALYSIS OF SCALE COMPOSITION (a)

Ganeral Compoaition(®) Pourd, wt %(¢)

NiO(Bunsenit-?) Ma jor Component
Ni(alCr)z0, (d) Minor Component
Na 50, ND
Elemqgg(e)
S D
K D
€1 ND
Limit of Limi% of
Detection, (£} Detection, Fcund
Element (f) _wt % Element (£ wt g wt %lc)
Ni 0.1 >10 Sn 0.1 0.01-0.1
Cr 0.01 > 1 Cu 0.C1 0.01-0.1
Al 0.01 > 1 Zr 0.01 0.01-0.1
Mo 0.1 >1 Sr 0.1 0.01-0.1
Mg 0.001 > 1 Ba 0.01 ND
Na C.1 >1 B 0.001 ND
Ca 0.01 €.3-3.¢C P 1.00 ND
Co 0.1 C.1-1.0 Pb 0.Cl ND
Ti 0.01 0.1-1.C Cd 0.1 ND
Fe 0.0l 0.1-1.¢ Zn .1 ND
Mn 0.001 0.01-0.1 v 0.1 ND
51 0.01 0.01-0.1 i Cc.1 ND
Notes:
(s) Deposits scrapei ‘rom surface of four tast epecimens of Misco MDC-1

(c)

(4)
(o)

coated Inconel 713C alloy after sxposure for 15 hours at 2000 F test
condition with 1C ppm "sea salt” in air and C.4 wt € sulfur in fuei.
Deposit flaked-off during zcccling, bu' vas evident in some areas to
a danth of abont 1/i6 inch.

X "oy Diffraction Analysis.

Concentrations will ve placed in proper renge at lsast 90% of time.
ND means the concentration is less than the limit of Fetectiion.

D means detected but concentreticn was not determined.

> means greater than,

Estimated frcm similarity of pattern tco Fe(AlCr),C,.

X-Ray Flourescence Analysis. (f) Fmission Spectroxraph Analysis.

»y
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TABLE 2

SYSTEM FOR VISUAL RATING OF ATTACK ON COATED TEST SPEC IMENS

Rating
Yalus Severity of Attack

[9]

ob
(28 o
ey

[ ]

1 None

Very Light
Light
Medium
Heavr

m.xt*;iz
NEODO

Nature of Attack

Surface
Edge

1w

Condition of Specimen

C Surface Cracks

Example:

V1S = Very Light Surface Attack

- 13 -
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VERY LIGHT

MEDIUM

FIGURE 2
STANDARDS FOR VISUAL RATING OF SURFACE ATTACK
ON COATED SPECIMENS (2X)
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VERY LIGHT

LIGHT

MEDIUM

FIGURE 3
STANDARDS FOR VISUAL RATING OF EDGE ATTACK
ON COATED SPECIMENS (2X)
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Arbitrary merit ratings were assigned to the visual ratings.
which are shown in Table 2. Using these, plots of logarithms of visual
ratings vs logarithms of the welght losses pear unit area were made
for Misco MDC-1 coated Inconel 713C and Misco MDC-9 coated Inconel 713C
specimens, and are shown in Figures 4 and 5. As oxpected, visual ratings
decrease as weight loss increases.

To further illustrate the effect of the exposure variables
in this investigation on appearance, photomacrographs (2X) of repre-
sentative Misco MDC-1 coated Inconel 7120 test specimens are shown in
Figures 6 and 7; Misco MDC-9 coated Inconel 713C in Figure 8, and un-
coated Inconel 713C in Figure 9. By comparison of the extent of attack
evident for similar exposures in Figures 6, 8, and 9, it is obvious
that the coatings protect the superalloy from hot corrosion. Increased
attack on both coated and hare specimens is evident in the presence of
1.0 ppm "sea salt", over that in the absence of "sea salt"., In the
presence of 1.0 ppm "sea salt" a reduction in the concentration of
sulfur in fuel decreased attack; however, in the presence of 20.0 ppm
"sea salt" a reduction in the concentraticn of sulfur in fuel increased
attack.

The visual rating is a subjective value, while weight loss
is a physical measurement that. shcould be associated with a smaller
error. Alsc, the visual rating groups the data at only five levels,
with the proposed system shown in Table 2, while the use of weight loss
does not require the grouping of data. For these reasons, and in the
light of metallographic examinations which established the mode of
attack and will be discussed later, it was decided that weight lecss
measurements would be used in evaluating the effects of sulfur in fuel
and "sea salt" in air on hot corrosion.

During the visual rating of the Misco MDC-9 coated Inconel
713C specimens it was noted that thay had a tendency to develop visibla
surface cracks as the result of exposure to het gases. Similar cracks
were not otserved with the Misco MDC-1 coated Inconel 713sC specimens,
nor in an exploratory program with Misco MDC-9 coated Inconel 713C
specimens. The cracks usually developed on the leading edge of the
specimens, and became mere avident with increasing exposure tims.

This is illustrated in Figurs 10 by the set of specimens accumulated
{rom the test with the medium-sulfur fusl. The accelerated rate of
corrosion which accompanied the adaition of "sea salt™ to this envircen-
ment appeared to have little affect on the voccuranca and development of
cracks, as iilustrated in Figure 1] bty the set ~f specimens accumulated
atl otherwise comparable conditions of exposure.

- 16 -
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SULFUR SEA sALT

IN FUEL, IN AIR,
wWT % PPM
0.40 1.0
0.040 1.0
{0.0040 1.0
0.10 NONE
0.04G NONE

{0.0040 NONE

SX MAGNIFICATION AFTER ELECTRO —Cl EANING

FIGURE ©

' COATED INCONEL T13C SPECIMENS
AFTER 25 HOUURS AT 2000 F TEST CONDITION

MISCO MDC
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SULFUR EXPOSURE

IN FUEC, TIME,
WT % HE
4,0 13
0.40 15
{0.0040 15
4.0 10
0.40 10
{ 0.0040 10

SR MAGNIFICAT'ON AFTER ELECTRO -CL FANING

FIGJRE 7
MISCO MDC 1 COATED INCONEL 713C SPECIMENS FROM
20 F TEST CONDITION WITH 10 PPM SZA SALT IN AIR
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THIS ONE SPECIMEN WAS
SULFUR SEA SALT

ELECTRO=CLEANED TO SHOW
I
DEPOSIT—FREE SURFACE -\ IN FUEL, N AIR,
WT % PPM
0.40 1.0
0.040 1.0
{0.0040 1.0
0.40 NONE
0.040 NONE
. .'.’ -
T {0.0040 NONE

i

<X MAGNIFICATION AFTER SONIC ~CLEANING

FIGURE 8
MISCO MDC -9 COATED INCONEL. 713C SPECIMENS
AFTER 25 HOURS AT 2000 F TEST CONDITION
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SULFUR SEA SALT
IN FUEL, IN AIR,
WT % PPM
™ g P
.O‘;J’ .‘.a', N,
0.40 1.0
0.040 1.0
{0.0040 1.0
0.40 NONE -
0.9240 NONE
{0.0040 NONE

IENS AFTER 25 HOURS
AT 272D F TEST CONDITION
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EXPOSURE
TIME, HR

S5

50

45

40

35

30

25

20

2X MAGNIFICAT ON OF SONICALLY CLEANED TEST SPECIMENS
AFTER EXFQOSURE IN PHILLIPS R!G AT 2000 F TEST CONDITYION
WITH NO SEA SALT (N AR AND J.040 WT & SULFUR N FUEL

FIGURE 10
CEVELOPMENT OF CRACKS N LEADING £

D
OF MISCO MCC—-9 COATE" INCONEL 7!3C SPECIMENS
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EXPOSURE
TIME , HR

3as

30

25

20

1¢C

2X MAGNIFICATION OF SONICALLY L EANED TEST SPECIMENS
AFTER EXPOSURE IN PHILLIPS RIG AT 2000 F TEST CONDITION
WITH | PPM SEA SALT IN AIR AND 0.040 WT § SULFUR IN FUEL

FIGURE 11
HOT CORROSION AND CRACKS IN LEADING EDCE
OF MISCO MDC-9 COATED INCONEL 713C SFECIMENS
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The presence of cracks, ovserved without magnification, are
noted in Tahles 13 and 14 of Appendix 1 as part of the visual rating
of specimens. These ratings are of the condition of the specimens at
the time of their ramoval from test, which may not indicate the earliest
time at which a specific specimen was cracked. While these ratings
are inadequate for statistical analysis, an attempt has been made in
Table 3 to show the effect of sclfur in fuel and "sea salt" in air on
the extent of specimen cracking. This was done by iisting the curu-
lative nunber of specimensa ramovad from tsst at each time perioa in
the test, along with the ~umulative number of specimens that were
cracked, and calculating the cumulative percentage cracked for the
six combinations of sulfur in fusl and "sea salt" in air. It appears
that the presence of 1.0 ppm "sea sait" in air increases the tendency
of the specimens to crack, and increasing amounts of sulfu- in the fuel
tends to decrease the percentage of tne specimens that are cracked.

4.2. Weight-loss Datg

In previous studies (1) of weight loss from hot corrosion,
an estimate of the variance was fould to be a percentage of the value,
and logarithms of weight loss per unit area were usad to provide a
vasis of uniform varianca. The standard deviation cof Lhe weight-loss
data in terms of Jogarithms (i) was 0.288, which is equivalent to a
percentage standard deviation of 94 per cent. This information will
aid in the evaluation of cata from the current program.

In evaluating oxidation with time, many fcrms cf equations
have been proposed and usea in the literawure to ex; "es- the relation-
ship. These forms include linear, cubic, parabelis; ana exponential
equations depending upon the syster being investigatad. Plcts of the
data from the current investigation were made using linear coordinates
and an exampi: is shown in the lower porticn of Figure 12 for Misco
MDC-1 coated Incurel 713C exposed to C.ULC weight per cent sulfur in
fuel and L.C ppm "sea salt” in air. The iine is a visual fit of the
data. The shape of the curve sugx=sts tha use of the exponential _rowlh
curve which is comronly used in the form.

. Lo X \
w = (A;(B)", (1)

where ® is weizht loss per unit area, X is exposure time, and A and B
are constants to be mvaluated. Applying logerithms to the aquaticr,

iog W= log A1 (log 8) X (2)

L

or Y =a kX, (3

where Y = log W, a = loz A, and b ~ log B. Bguaticn 3 is the eguatioen
Zor a straight line. The fata in the upper porticn of Figu:: 12 were
fit using this form of equation and lhe calculated line is shown.

The use of this form of equation permits the use of logarithms of welght

- 25 -
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®
MISCO MDC -1 COATED INCONEL 713C,
2000 F TEST CONDITION,
1.0 PPM SEA SALT IN AIR,
0.040 WT, , “ " FUR IN FUEL,
®
o]

1 H

10 20 30 40
TEST DURATION, HOURS

FIGURE 12
CURVE FITTING TO HOT CORROSION DATA
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loss, which was shown previously to give uniform variance. Data that

can be fit by Egquation 3 shows that the logarithm of weight-loss in-
creases at a uniform rate over the time-period studied. The slope,

b, of Equation 3 is measured in terms of Alogarithms ger Ahours, or

the ratio of yeight losses per hour Kpg/cmZ)/(mg/cm )/hour or (mg/em?)/
hour/{mg/cm?)| . Thus, b, is the relative rate of corrosion with units
of reciprocaI‘hours.

The data for each combination of sulfur in fuel and "sea
salt" in air for the superallcy and the two coating-alloy systems shown
in Tables 10 to 16 of Appendix 1 were fit to equations of the form of
Equation 3. The constants, b, for the three equations with zero or 1.0
ppm "'sea salt" describing the superalloy and the two coating-alloy
systems, were compared by statistical #i" tesis for significant differences
at a 95 per cent confidence level. Where data for twc or more levels
of sulfur in fuel showed no statistically significant difference in the
relative corrosion rates, at a given level of "sea salt"™ in air, the
data were combined by fitting a single equation. In combining the data
a sulfur term was included in the equation and the sulfur term was
tested ror statistical significance. If the sulfur term was not sig-
nificant it was deleted and the equation was recalculated. The final
equations which were calculated to represent the data are shown in
Table 4. The data are also shown graphically in Figures 13 to 19, and
the lines on the figures were calculated from the equations. Varia-
bility for the separate equations differ in magnitude, with eight of
the equations having a S.E.E. of less than the standard deviation of
0.288 found in Reference 1, and five of the equations haviug a S.E.E.
larger than the previous standard deviation. The size of the S.E.E.
for most of the equations indicate that the variability remaining after
removal of the effect of time is essentially the same as in the previous
5-hour tests on a variety of superalloys. With the small range of hours
of exposure and the larger S.E.E. for the three equatiocns for hot corrosion
in the presence of 10.0 ppm "sea salt" in air, statistical comparisons
are of doubtful value.

The equations for hot corrosion with time of exposure were
calculated to establish statistically significant differences arcong
concentrations of sulfur in fuel. The effect of sulfur in fuel on
hot corrosion, with the level of ™"sea salt™ in air and the test specimen
material fixed, can be obtained from the equations.

Compar.sons of the effect »f sulfur in fuel on hot corrosion
of Misco MDC-1 coated Inconel 713C can be made with zero and 1.0 pom
"sea salt" in ai:r. Comparisons in the presence of 10.C ppm Tsea salt”
in air will not be made because they are of doubtful value. In the
absence of "sea salt® in air, a reduction in suifur concentration,
from the specification maximum of 0.40 weight per cent for JP-5 fuel
to either 0.40 or <0.0040 weight per cent sulfur, significantly decreas-
ed the relative rate of corrosion; however, this may not be of practical
significance because of the very low level of attack. 1In the presence
of 1.0 ppm "sea salt" in air, a reduction in sulfur concentration frcm

- 28 -
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TABLE 4
REGRESSICN ZQUATIONS FOR WEIGHT-LOSS VS TIME
Sulfur Sea Salt
in Fuel, in Air, S.E.E. ¢ S.E.E.
wt % ppm Regression Equations {(a) (b) )
(Misco MDC-1 Coated Inconel 713C)
«0.00,0 0.0] Y ~ 0,2,78212 + 0,003211451 X 0.059775 14.7
0.040 0.0
: 0.40 0.0 Y = 0.02214815 + 0.01390163 X 0.153822 L2.5
<0.0040 1.0 Y = 0.18833148 + 0,02158372 X 0.296952 98.2
0.040 1.0
0.40 1.0 Y = 0.1377441 + 0.05072C06 X 0.261855 82.8
<0.0040 10.0 T = 0,08116969 + 0.143218 X 0.404076 154
0.40 10.7 Y =-0.4523064 + 0.1520832 X 0.342303 119
4.0 10.0 Y = 0.00L0024 + 0.08262738 X 0.3988695 151
(Misco MDC-9 Coated Inconel 713C)
<0.0040 0.0
0.040 0.0; Y = -0.09654819 ~ 0,7288955 S 0.154956 L2.9
0.40 0.0} + 0.0L4AF35 X
<0.0040 1.0 Y = -0.1946977 + 0.02867117 X 0.212553 63.2
0.040 1.0}
0.40 1.0 Y = -0.4717499 + 0.06061021 X 0.344121 121
(Inconel 713C)
< 0.0040 0.0
i 0.040 0.0 Y = 0.8198599 + 0.02159729 X 0.153549 VA
0.40 0.0
<0.0040 1.0 Y =1.167399 + 0.029YL147i X 0.198405 57.9
, 0.040 1.0
0.40 1.0} Y = 1,012591 + 0.9C20433 S 0.138587 37.6

+ 0.048222 X
| (a) Y=a+cS+blgrY=a+ bX, where Y = logarithm cf weignt loss per
, unit area (mg/cm“), S = weight per cent sulfur in fuel, and X = test
i duration, hours.

, (b) Standard r:ror of Estimate in terms of logarithms.

| (c¢) Standard Error of Estimate in terms of percentage of the value.
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FIGURE 13
HOT CORROSION OF MISCO MDC -1 COATED INCONEL 713C WITH ZERO SEA SALT
IN AIR
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FIGURE 14

HOT CORROSION OF MISCO MDC -1 COATED INCONEL 713C WITH | [0 PPM

SEA SALT INAIR
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FIGURE 1%

HOT CORRZSION OF MISCO MDC -1 COATED INCONEL 713C WITH 10,0 FPM

SEA SALT IN AIR
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the specification maximum of 0.40 to 0.C40 weight per cent dces not
significantl; changa thes ralative corrosion rate; nowever, a rsduction
from 0.40 to <0.C .0 weight per cent decreases the relative rate of
corrosion significantliy.

In comparisons of the effect of sulfur on hot corrosion of
Misco MDC-9 coated Inconel 713C in the absence of '"sea salt™ in air.
a singie equation indicates tha* there are nc significant differences
in the relativs rates of corrosion for the thrse concentrationa of
sulfur in the fuel. A sulfur term in the equation indi:atec a sig-
nificant effect of fuel sulfur on the level of attack. Further test-
ing shows that there is no statistically significant difierence in
the level of attack with <0.0040 or 0.04C weight per cent suliur in
fuel, but that it is less with O.40 weight per cent csulfur. Thus,
& reduction in sulfur concentration frem the specification maximum of
0.40 to either 0.040 or<0.0040 weight per cen® sulfur significantly
increases hot corrosion; howaver, the differences may not be of prac-
tical significance heczuse of the low level of attuck. In the presence
of 1.0 ppm "sea 3alt" in air, a single eaquation was obtained for Misco
MDC-G coated In~onel 713C with 0.40 and 0.040 weight per cent sulfur
in fuel, ind a second earation wes obtained for data with<0.00L0 weight
per cent sulfur in fuel. These equations indicate no significant
difference in the hot corrosion of Misco MOC-9 coated Inconel 713C
with & reductior in fuel sulfur from the specification maximum of 0.40
to 0.,u40 weight per cent sulfur; however, a reduction in fuel sulfur
from the specification maximum of 0.40 to <0.004L0 weight per cent
suliur willl significantly -“=crease hot corrosicn.

A 3ingle equat..or was obtained with uncoated Incconel 713C
specimens for three lavael: I suiflur in fuel, in the absence of "sea
salt® in air, indicating no significart effect of the concentration
of sslfur in fuel on the superailoy. In the presence ~f 1.0 ppm "sea
salt® in air, a single squation was obtained for ‘w.coated Inconsl 713C
with C.40 and €.0L0 weight per cent sulfur . ifuel. This equation
contained a sulfur term which indicates that the relative ratses of
corrosion for the two concentrations of sulfur in fuel are thes same,
tut the levels of attack are significantly different. A second
eguation was obtained for Jdata with<{ U.LCLL weight per cent sulfur
in fuel. From these ejquations it can be concluded that a reduction
in sulfur concentration fram the specification maximum of G.4LU weight
per cent sulfur to either (.l cr€i (4 weight per cent sullur will
significantly decreass houv corrosion ol inconei 71%.

The relative corrosion rates and the 9§ per cent confi
limits for these rates for eaci. cf ths equaticns are shown in Table 5.
t

not included in the confidence limits for another condition it can bs

concluded with @5 per cent confidence that the re.ative rates of corresion

are statistically different. If the confidence lLimits includs zero,
the relative rate of corrvsion i3 not statistically significant.
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743LE 5
RELATIVE ‘}OPROSION RATES FROM REGRESSION EQUATIONS

Sulfur Sea Salt Fkelative
in Fuel, in Air, Corrosion Confidence Limits
wt % ppm Late (a) Lower (&) Upper (&)
Misco MDC-1 Coated Inconel 713C
< 0.0040 0.9) 0.003211451 0.001530155 0.004892767
0.040 0.0}
0.40 0.0 0.01390193 0.007206€7 0.02053699
< 0.0040 1.0 0.02158372 0.01312873 0.02003871
0.040 1.0
J.40 1.03% 0.05072006 0.04272244 0,05871768
< 0,0040 10.0 0.143218 0.0588950 0.2275410
0.400 10.0 0.1520832 0.0806510 0.2235154
L.C 10.0 0.08262738 ~0.00837596 0.17365072
Miscc MI'C-9 Coated Inconel 713C
<U.0CAD 0.0l
0.040 on 0.0L44935 0.,01100922 0.01797718
0.40 0.u)
< 0.0040 1.0 0.02867117 0.01635011 0.04099223
0.040 L0
0.40 1. 0} 0.06061021 (.04633117 0.07488925
inconel 7130
< 6.0040 0.0y
0.040 2.0 Q02159 (-9 0,01800603 0.02518855
0.40 anj
< 0.0040 1.0 0.0291147% 0.01566523 0.,04256325
0.040 1.0
0.40 1.0 0,04322200 0.04041496 0.0560290L

{a) Vajues and 95 per cent confidence limits for exponential
equations in Table 4.
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From the relative corrocion rates and ccnfidence limits,
comparisons can be made of the effect of "gea salt" in air with the
sulfur concentration cf the fuel and the test specimen material fixed.

Comparisons of relative corrosion rates for Misco MDC-1l coated
Inccnel 713C show that a redvction in "sea salt" in air from 10.0 to
1.0 ppm decreases the relative rate of hot corrcsion and a reduction
from 1.0 ppm to zt° > "sea =alim® in air further decreases the relative
corrosion rate.

All comparisons with Misce MDC-9 coated Inconel 713C show
tnet a reduction from 1.0 prm to zero "sea salt® in air decreases the
relative corrosion rates,

With uncoated Inconel 713C a reduction in concentration of
%sea salt" in air from 1.0 to zero decreased the relative corrosion
rates in all comparisons.

Comparisens of the relative rates of corrosion for the two
coatings with the relative corrosion rates for the bars alloy in thLe
absence of "sea sali" in air, show that the coatings decrease hot
ccrrosion. In the presence of 1.0 ppu "sea salt® in air, the relgtive
corrosion rates for the two coatings are the same as for the bare alloy
at the same level of sulfur in fuel,

Weight losses for 25 hours of exposure, which is near the
midpoint of the experimental data, were calculated using each of the
equations in Table 4. These data, which are shown in Table 6, provide
a measurement of the level of attack on the twc coatings and the bare
allcy at the various combinations of aulfur in fuel and "sea salt®
in air. In calculating the weight loss, a velue of 25 was substituted
for "X" in the equations to obtain weight loss in terms of logarithm,
and the value was then converted by use of antilogarithms. The 95
per cent confidence intervals, in terms of iogarithms, were calculated
using the S.E.E. for the individual equations, and ‘he conridence in-
tervals were also converted by the use of antilogarithms. It is pe:s’in-
ent to note that the confidence interval is greater when nsing poineu
estimates from the equations. As a resuit comparisons of effects that
were declared statistically siomificant previously may no longer be
significant. If the primary cbjective of our experiment had been to
make point comparisons, data should have been concentrated at the point
of interest; however, this was not the case. Never-the-less, compari-
sons thalt are shown to be statistically significant by points estimated
from the equations are valid ccmparisons. Comparisons of the effects
of sulfur in fuel and "sea salt" in air will not be made; however,
significant effects are in agresment with vrevious analyses.
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TABLE 6

PREDICTED WEIGHT LOSS FROM REGRESSION EQUATIONS
(25 Hours of Exposure)

Sulfur Sea Salt Predicied 95 % Confidence Interval on
in Fuel, in Air, Weight Loss, Weight Loss, mg/em® (b)
wt % ppm mg/cn? (a) Lower Upper
Misco MDC-1 Coated Incomel 713C
< 0,0040 0.0 2.1 1.6 2.9
0.0L0 0.0 2.1 1.6 2.9
0.40 0.0 2.3 1.0 5.4
<0.0040 1.0 5.3 1.2 23
0.040 1.0 25 7.4 a8
0.40 1.0 25 T4 83

< 0,0040 0.0 1.8 0.87 3.9
0.040 0.0 1.7 0.82 3.6
0.40 0.0 0.9k 0.44 2.0

< 0.0040 1.0 3.3 1.0 11
0.040 1.0 n 2.0 60
0.40 1.0 1 2.0 60

Inconel 713C

< 0.0040 0.0 23 11 I8
C.040 0.0 23 11 L8
0.40 0.0 23 11 48

< 0.0040 1.0 79 17 370
0.040 1.0 180 88 370
0.40 1.0 380 190 780

(a) Weight losses carculated by substitution of 25 for "X" in
equations of Table 4 to cbtain logarithms of weight losses and
then converting to weight losses by use of antilogarithms,

(b) Confidence intervals calculated in terms of logarithms using

the S.E.E. for individual equations and then converting to
weight losses by use of antilogarithas.
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From comparisons of data in Table 6, it can be concluded
that the levels of attack on Misco MDC-1 and MDC-9 coated Inconel 713C
specimens are less than with uncoated Inconel 713C specimens. It has
been shown that the reiative rates of corrosion for the two coatings
are less than for the bare superalloy, in the absence of "sea salth
in air; however, in the presence ¢f 1.0 ppm "sea salt" in air, the
relative rates of corrosion for the coated and uncoated alloy were
the same av the same level of sulfur in fuel. A possible axplanation
for the difference in level of attack with the same rolative rates of
corrosion may be that attack on the fresh, uncoated, Inconel 713C pro-
ceeds rapidly until a scale of corrosion products is establish~d on
ths surface of the specimen, and attack then proceeds at the slower
relative corrosion rates shown by tlie equations. Another possible
explanation for the difference could be that the beneficial effect
of the coatir occurs during the early exposure of the specimens, and
once the coat ng has been penetrated the relative rats of corrosion
follows that of the bare allocy.

Comparisons of the "life" of the coating may be of interest
to some of our readers. A measure of coating life can be obtained
by selecting a criteria for failure hased on weight loss and calcula-
ting hours to fajlure from the calculated equations. As already
suggested, a criteria of 5.0 mg/cm2 should be a realistic level for
coating failure. Using this value as a criteria for coating failure,
the hours to failure for the Misco MDC-1 and MDC-9 coated Inconel 713C
at each of the combinations of sulfur in fuel and "sea salt" in air
have been calculated from the equations of Tabie 4, and are ~hown in
Table 7. Confidence limits have not been established for these values.
Comparisons of the effect of sulfur in fuel and "sea salt" in air on
1life of the coatings will not be made, since they would be the same
as drawn previously fror relative rates of corrosion and levels of
attack. One item of interest in Table 7 is that Misco MDC-1 coated
Inconel 713C appears to be more affected hy the combinations of sulfur
in fuel and "sea salt" in air than does the Misco MDC-9 coated Inconel
713C; thus, for the three levels of sulfur in fuel, with either zero or
1.0 ppm "sea salt" in air, the range in hours to coating failure for
the Misco MLC-1 coated Inconel 713C is 129 hours (from 140 to 1. hours),
while for the Misco MDC-9 coated Inconel 713C it is 56 hours (from 75
to 19 hours).

In Reference 1, comparisons of the hot corrosion of five
superalloys and a coated svwperalloy, in the presence of zero, 1.0 and
and 10.0 ppm "sea salt" in air, were made for three levels of sulfur
in fuel., These data Lave been summarized in Tsbles 8 and 9, and show
the statistically significant effects of reducing sulfur in fuel fiom
the specification maximum for grade JP-5 of 0.40 to 0.040 and from
0.40 to<0.,0040 weight per cent. Data from the current program also
have been included in these tables, where available. In these tables
a statistically significant decrease in hot corrosion with a reduction
of sulfur in fuel is indicated by plus (+), no stati-tically significant
change by zero (0), and a statistically significant increase in hot
corrosion with a reduction cf fuel eulfur by minus (-).

A
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TABLE 7

LIFE_OF COATING ON INCONEL 713C
(Failure Criterien = 5,0 mg/cm< Welght, Loss)

Sulfur Sea Salt Time (a)
in Fuel, in Alr, to Failure,
wt Z ppm hours
Misco MDC-1

< 0.0040 0.0 140
0.040 0.0 140
0.40 0.0 49

< 0.0040 1.0 2
0.040 1.0 1
0.40 1.0 11

< 0,0040 10.0 L
0.40 10.0 8
4.0 10.0 g8 ?

Misco MDC-9

< 0.0040 0.0 55
0.040 0.0 57
0.40 0.0 75

< 0.0040 1.0 31
0,040 1.0 19
0.40 1.0 1y

(a) Calculated from equations of Tabls 4.
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TABLE 8
EFFECT OF REDUCINC SULFUR FROM 0.40 TO 0,040 WT Z IN JP-5 ON HOT CORROSION

Superalloys

(e) \c)

Sea Salt Specimen (b) MDC-1 ¥DC-9

in Ar, Temp., (a) (a) (a) (a) Inconel Coated Coated

ppm F WI-52 U-500 IN-100 SM-200 __713C _T713C  _T13C
0.0 1375 + + + + + ves ces
0.0 1537 + 0 0 + + cee et
0.0 181, 0 0 0 0 0 cese oo
0.0 1970 0 0 0 0 00 + -
0.0 2L 0 0 C 0 0 oo oo
1.0 1375 + + + + + cee ces
1.0 1537 + 0 + + + cos oo
1.0 1814 0 0 0 0 0 voe oo
1.0 1970 0 0 0 0 c i 0 0
1.0 2121 0 0 0 0 0 cve e
10.0 1375 0 o G + + oo cee
10.9 1537 0 - - + + cee cee
10.0 1814 0 0 - - 0 coe ceo
10.0 1970 0 0 0 - 0 coe eos
10.0 212 0 0 0 - 0 coe ces

Comparisons of specimen weight-loss at 95 per cent confiuence level,
+ = Attack decreased with sulfur reduction
- = Attack incressed with sulfur reduction
0 = No change with sulfur reduction
(a) Data from neference 1.
(b) First value from Reference 1 and second value from current program.

(¢) Data from current program.
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TAELE
EFFECT_OF REDUCING SULFUR FROM 0,40 TO <0,004 WT %

IN JP=5 ON HOT CORROSION

Superalloys
(c) (c)
Sea Salt Specimen (b) MDC-1 MDC-9
in Air,  Temp., (a) (a) (a) (a)  Inconel Coated Coated
ppm F WI-52 U=500 IN-10C SM-200 _ 713C  _713C__ 713C
0.0 1375 + + + + + vee ‘s
0.0 1537 + 0 0 + 0 oo ‘e
0.0 1814 Q 0 0 0 + .o aee
.0 1970 Q 0 0 0 +0 + -
0.0 2121, 0 0 + + + ‘e
1.0 1375 + + 0 + + cee oo
1.0 1537 + 0] 0 + 0 .o .
1.0 181, 0 0 + 0 + oo .
1.0 1970 0 0 + 0 + + + +
1.0 2124 0 0 + 0 + . .
10.0 1375 o 0 + + + eee .
10.0 1537 0 - 0 + 0 cae cos
10.0 1814 0 0 - - + 000 seo
10.0 1970 0 0 C - + eve ‘e
10.0 224 0 0 0 - + vee cos

Comparisons of specimen weight-loss &t 95 per cent confidence level.
+ = Attack decreased with sulfur reduction
~ = Attack increased with sulfur reduction
0 = No change with sulfur reduction

i

(a) Data from Reference 1.
(b) First value from Reference 1 and second value from current progrcm.

(c) Data from current program.
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Comparing the e{fects of reducing sulfur in fuel from u.40
to 0.040 per cent by weight, snown in Table 8, it can be seen that they
vary with temperature, superalloy, and concentration of 'sea salt" in
air. Current data for Misco MDC-1 and MDC-9 coated Inconel 713C, and
uncoated Inconel 713C, do not indicate the need for a change in the
previous recommendation; that no reduction in the sulfur limit for grade
JP-5 fuel, from 0.40 to 0.0,0 weight per cent, be made to alleviate
hot-corrosion attack on turbine bladas,

Comparing the effects of reducing sulfur in fuel from 0.40
10<0.0040 per cent by weight, shown in Table 9, it can be seen that
they also vary with temperature, superallcy, and concentration of "sea
salt" in air. Both previous and current data, in the presence of either
zero or 1.0 ppm "sea salt" in air show that this larger reduction in
fuel sulfur significantly decreases hot-corrosion in a greater number
of cases. In only one instance (Misco MDC--9 coated Inconel 713C) does
such removal of sulfur from the fuel increase hot corrcsion, and in that
case the level of attack was low at both s1lfur concentrations. In
the presence of 10.0 ppm "sea salt" in air, the reduction in sulfur
decreases hot-corrosion for some alloys and conditions, and increases
hot-corrosion for others. From these data, il appears that a reduction
in the specification maximum for grade JP-5, from 0.40 to < 0.0040
weight per cent swifur, could decrease hot corrosion in a light "sea
salt" environment, but could have a detrimental effect cn hot-corrosion
in a heavy "sea salt"™ environment.

4.3. Metal ography

Information concerning the mode and the intensity of corro-
sive attack, sustazined Ly the costings and superalloy over the range in
conditions of exposure, is pertinent to this investigation., High levels
of specimen weight-loss are obviously objectionable; but lower values
do not establish a lack of metsl damage, for the attack may have pene-
trated the metal matrix by deep intercrystaliine corrosion without
significant metal loss. Therefore, metallographic examination of select-
ed test specimens was made to evaluate the validity of our use of weight~
loss data during this investigation.

A typical example of the oxidation structure at the surface
of & turbine blade after long-time exposure is shown in Figure 20, This
photomicrograph was taken at the convex surface of a cross-section from
the center of a first-stage tuirbine blade which had completed 1800 hours
in domestic-airline service since overhaul. An oxide scale covers the
surface to a depth of about 0.C01 inch. Alloy depletion, with some
intergranmlar oxidation, precedes surface oxidation by about 0.001 inch,.
This is attributed to the diffusion cf more reactive constituents, such
as chromium and aluminum, to the surface where they combine with oxygen
to form the protective scale,
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The cataatrophic nature of hot corrosion, experienced by aviation-
turbine engines when operated in a marine environment, is shcwn in Figure
21. This photomicrograph was taken at the leading edge ¢f a cross-section
from the center of a first-stage turbine blade recovered from a scrap
drum at a U, S. Navy engine-overhaul shop. There is deep sub-surface
oxidation, which produces a rixed-phase zo~s composed of metal and
corresion products; however, consiuerably metal loss can be sustainead
without blade fallure because the attack advances on a broad front with-
out deep-intercrystalline penetration of sulfides or oxides.

Features of hot corrosiorn at the interface betwesen the ox'des
and the base matrix are shown in Figure 22, which is a further magni-
fication of the section already shown in Figure 2. The attack is led
by perietration of randomly-dispersed, light-grey, giobules of metallic
sulfides, Formaticn of these sulfides is associated with changes in
the surface compositicn of the alloy, which is characterized by chromium
depletion. Rapid oxidation of the weakened layer of alioy follows sullide
ponetration. The mechanism of hot corrosion is complex and not fully
understood.

Following ezpcsure, test specimens from our investigation
were cleaned, using techniques described in Appendix 2, and thelr weight
lcis was determined. Then spmcimens were chesen from each test for
me.allcgraphic examination. The selection was made to obtain specimens
with varying exposure time from each test, to allow study of any changes
in the mode and intensity of corrosive attack. This inciuded Misco
MDC~1 coated Incorel 713C specimens which had been exposed fer 10, 20,
and 55 hours, if available, ot nine test conditions; Misce MDC-9 coated
Inconel 713C specimens which had been exposed for 20, 35, and 5% hours,
if available, at six test conditions; and for reference the uncoated
Inconel T13C specimens with maximum time of exposure, 25 to 55 hours,
at six test conditions,

These test specimens were sectioned at the point of mwaximum-
visible attack, mounted in Rakelite, and polished using procedures
previously descrived {1). In general, the attack was mcst evident on
the impact surface of the specimens, as expectec, because it had maxirum
exposure to the corrosive agents. Photomicrographs showing typical attack
on the specimens were taken there at bot!: 200X and 15C0X, and ir some
casss at other magnif{ications. Also, the coupons were frecuently etched
to show areas of allcy depletion and grain structure. It is considered
neither recessary nor desirable to reproduce in this report the several
hundred photomicrographs taken during our metallographic examiration.
Rather, typical photomicrograpns aie presented tc illustrate the nature
of the at*tack experienced by the superallcy and coatings over the range
of conditiorns investigated.
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The surface and matrix of an uncoated Inconel 713C specimen,
i the as-received condition from Misco and as placed in test, is show:
in Figure 23. This photomicrograph is included for reference purposes
to emphasize that prior to exposure the test specimens were free from
any unusual surface scale or impurities. The uniformity of the etch,
to the very edge of the coupon, indicates that the surface alloy was
nct depleted,

Exposure of uncoated Inconel 713C in an environment free of
"gea salt" resulted in only a slight, uniform surface oxidation. This
was preceded by a limited zone of alloy depleticn, which increased
in depth with increasing exposure time, The additicn of sulfur, via
the fuel, to this environment (2000 F) did not reeuit in the formation
of metal sulfides at the corrosion interface, nor in accelerated oxi-
dation atiichk o the depleted surface alloy, as illustrated by Figure
2. The similarity between the micro-features of oxidation attack
evident on turbine blades from service engines and that on specimens
exposed in Phillips test rig can be seen by compariscn with Figure 20.
When making this comparison, it should be remembered that the heavy
surface scale has been removed from the test specimen by electro-cleaning.

With the addition of "sea salt", via the air, to this environment,
characteristic hot corrosion was encountered on uncoated Inconel 713C.
Only the extent of the attack increased with increasing exposure time.
The further addition of sulfur, via the fuel, to this "sea salt" environ-
ment affected neither the mode nor the intensity of the attack, which is
shown in Figure 25, The micro-features of hot corrosion on Inconel 713C
specimens exposed in Phillips test rig are quite similar to thcse evi-
dent on Inconel 713C turbine blades from service engines, which can be
seen by comparison with Figure 22.

The surface and matrix of a typical MDC-1 coated Inconel 713C
specimen, in the as-receivec ccndition from Misco and as placed in test,
is shown in Figure 26. The aluminum-type coating was applied to obtain
a total depth of approximately 2 mils; which is divided about equally
between an ~uter-layer with non-metallic dispersions and a diffusion-
layer. Previous experience (1) has shown that the electro-cleaning
procedure, detailed in Appendix 2, does not alter the appearance of
this coating.

In those areas where the MDC-1 coating remaired intact follow-
ing exposure, svidence was found of alloy depletion in the diffused layer,
as shown in Figure 27. This modification of ths coating remmant became
increasingly evident with increasing exposure ti », but was not favored
by any other expcsure variable in this probram. Similar coating deple~
tion was experienced with extended exposure of Misco MDC-1 coated Inconel
713C specimens during exploratory tests (2).
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Once the MDC-1 coating was penetrated, the mode and intensity
of attack obrerved was similar tc that expsrienced by the bare Inccnel
713C at comparable conditions cf exposure. Characteristic micro-features
of hot corrosion were founrd when the coating was penetrated by prolonged
exposure in the presence of "sea salt", as shown in Figure 28, >

The surface and matrix of a typical MDC-9 coated Incorel 713C
specinan, in the as-received condition from Misco and as placed in test,
is shown in Figure 29, The aluminum-chromium-type coating was applied
to obtain a total depth of arproximately 2 mils; which is divided about
equally between an outer-layer and a diffusion-layer. As discussed in
Appendix 2, the electro-cleaning procedure was found to alier the appear-
ance of this coating, and so was not usel to remove the surface scale
of corrosion products from the test specimens following exposure during
this investigation.

Test specimens of Inconel 713C were inspected by Misco using
fluorescent penetrant (Zyglo) and certified to be free from cracks, as
noted in Appendix 3. Similar iaspection ty Phillips following application
of the MDC-9 coating by Misco revealed no cracks. Fowever, it is of
interest to note that a few cracks were found in the coating of a new,
unexposed, specimen when sectioned for metallographic study. One such
crack is shown in Figure 29, and it is pertinent to point out that
characteristically the crack does not extend into the base alioy. It
is speculated that these cracks were developed in the coating when the
specimens were sectioned for the metallographic examination, and do not
represent the as-received specimen condition. Indications are that the
MDC-9 ccating as applied by Misco to the Inconel 713C specimens used
in this program was subject to cracking under stress.

In those areas where the MDC-9 coating remained intact following
exposure, evidence was found of alloy depletior in the diffused layer,
as shown in Figure 30. This modification of the coating remnant is
comparable to that experienced with the Misc~ MNC-1 coated Inconel 713C
specimens, as previously described. Similarly, it was concluded that
once the KDC-9 coating was penetrated, the cous..asive attack was like that
experienced by the bare Inconel 713C et comparable conditions of exposurs.

In those areas where the MDC-9 coating was peretrated by hot
corroaion the mode and intensity of attack was similar to that observed
with bare Inconel 713C, ae already described. Thus, it was suprising
to find little or no evidence of sulfide penetration associated with
the cracks which were found in the Misco MDC-9 coated Inconel 713C
specimens folswing exposure, While there was eviderce of alloy
depletion around the cracks, as shown in Figure 31, it was not accompanied
by the accelerated oxidation associated with hot corrusion. This indicates
that the cracks do not serva as a focal point for the attack by corrosive
materials over the range in conditic:s of exposure investigated.
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FIGURE 31
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Tn general, the corrosive attack experienced by the superalloy
and coatings during this investigation resulted in only shallow penetra-
tion of corrosion products, despite the catastrophic rates of metal
loss encountered in the presence of "sea salt". The depth of surface
penetration was usually less than one mil. This serves to justify
the uss of the metal-lose data as a valid measurement of the extent
of corrosive attack on the superalloy and coatings over the range of
conditions investigated.
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5. FUTURE WORK

The effect of sulfur in fuel was found to vary among the
various superalloys used in the previcus programs (1); i.c., a re-
duction in fuel sulfur had no effect with some superallcys, and in-
creased hol corrosion with two superalloys under some conditions,
Inconel 713C, the base superalloy used for our coating study so far,
was not affected significantly by changes in fuel sulfur content, while
hot corrosion of SM-200 increased under some conditions with a reduc-
tion in fuel sulfur. A program will be conducted using Misco MDC-1
coated SM-200 to determine the effect of sulfur in fuel on the hot
corrosion of a coating applied to a different base superalloy.

In previous programs (1) it was found thu.t the effect of
sulfur in fuel on hot corrosion varied with temperature. Statistically
significant decreases in hot corrosion were found with reductions in
fuel sulfur at temperatures below the melting point of sodium sulfate
(1623 F) with superalloys that were unaffected by changes in sulfur
content at higher temperatures. A program will be conducted to detarmine
the effect of sulfur in fuel on the hot corrosion of one or more coated
superalloys at temperatures helow the meliing point of sodium sulfate.
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Appendix 1
8, ENDIX 1
%Test Data)

The ‘otal weight loss, weight loss per unit area, and the
visual ratings for Misco MDC-I coated Inconel 713C specimens at tre
thras concentrations of sulfur in fuel, in the absence cof "sea salt”
in air, are skown in Table 10, Similar data with L.u ppm "sea salt®
in air arc shown in Table 11. In Teble 11, where two tests are shown
for each sulfur level, the first test war conducted with specimen posi-
tions fixed in the cascade, and the seccnd test was conductad with the
specimens rotated among the three stagas of the cascade at fiva-hour
intervals. The data for tests with 10.0 ppm "sea salt" in air and three
concentrations of sulfur in fuel are shosn in Table 12,

The wsight-loss data for Misco MDC-9 coated Inconel 713C
specimens at the three levels of sulfur in fuel. in tne absence of
"sea 33lt” in air, are shown in Table 12. Similar data with 1.0 ppm
"sea salt” in air are shown in Tablie 1li. OSpecimen weignts after exposure
and sonic-cleaning were adjusted by the addition of l.CCmg/cm2 to oli-
minate negative weight losses, and these adjusted values wsare used in
our alalyses.

The weight-loss data fer uncoated Inconel 713C specimens
at the three concentrations of sulfur in fuel, in the absence of "sea
salt™ in air, are shown in Takle 15. Similar data with 1.0 ppm "sea
salt" iu air are shown in Table 16.

- 69 -




Research Division Report 4706~67R

WEIGHT-LOSS DATA AND VISU
{Zero "Sea Salt" in Mir

Total

Sulfur Test (») Exposure
in Fuel, Specimen Time,
wt & Number hours
<0.0040 6 5
<0.0040 3 10
<0.0040 4 15
<0.0040 2 20
<0.0040 5 25
<0.0040 5A 30
<P.COLO 2A 35
<€ 0.0040 LA 40
<0.0040 3A L5
<0.0040 6A 50
<C.0040 1 K5
0.040 6 5
0.040 3 10
0.040 4 15
0.040 2 20
0.040 5 25
0.04C SA 30
0.040 2A 35
0.040 LA 1O
0.040 3A 45
0.040 6A 50
0.040 1 55
0.40 6 5
0.40 3 10
Q.40 IN 15
0.40 2 20
0.40 5 25
0.40 S5A 30
0.40C 2A 35
0.40 LA Lo
0.40 3A N
Q.40 65A 50
0.40 l 35

Appendix 1
TABLE 10
TINGS FOR MISCO MDC-l COATED INCONEL 713C
Test Specimen

- _Weight Loss

g ng/cm? Vi Rat
INAA 2.19 N
31.8 1.57 N
35.2 1.74 N
45.6 2.25 N
42.5 2.10 N
40.4 1.99 N
37.1 1.83 N
50.2 2.48 N
40.3 1.99 N
51.6 2.55 VLS
60.4 ~.98 VLS
41.5 2.05 N
37.7 1.86 N
39.7 1.96 N
46.1 2.27 N
L2.8 2.11 N
48.3 2.38 VLS
45.8 2.26 N
62.3 3.07 N
L2.1 2.08 N
49.5 2.44 N
65.3 3.22 N
38.6 1.9C N
29.2 1.44 VLS
26.1 1.29 VLS
L3.0 2.12 VLS
49.6 2.45 VLS
51.9 2.56 N
32.8 1.52 LS
85.4 L. VLS
107.2 5.29 LS
79.7 .93 VLE
206.5 0.19 MS

(a} Test speciren number indicates positien in cascadv hclder. A
letter following ths position nuzber indicztes a replacewun’
test specimen, following removal of the initial test specizen.

(b) See Table 2 for rating system.
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Aprendix 1

WEIGHT-LOSS DATA AND VISUAL RATINGS FCR MISCO MDC-1 COATED INCONEL 713C

—————

(1.0 ppm "Sea Salt" in Alr)

Visual Rating (b)

Total
Sulfur Test (a) Exposure Test Specimen
in Fuel, Speciren Time, Weight Loss
wt % Number hours ng mg/ cm<
< 0.0040 6 b) 56.5 2.79
< 0.0040 3 10 41.2 2.03
< 0.0040 L 15 73.0 3.60
<0.0040 2 20 65.9 3.25
<0.7QLO 5 25 4.3 10.57
<0.0040 SA 30 512.8 25.30
<0.004L0 ZA 35 13.3 5.59
<0.0C40 LA 40 993.4 49.01
<0.0C40 3A L5 30€.8 15.23
<0.0040 6A 50 693.9 34.23
<0.0040 1 55 1150.3 cL =g
< 0.0040 2 5 46.4 2.29
<0.0040 3 10 46.3 2.283
<0.0040 6 15 58.2 2.87
<0.0040 1 20 50.4 2.98
<0.0040 4 25 72.4 3.57
<0.0040 4A 30 156.8 7.74
<0.0040 1A 35 117.9 5.82
<0.0040 6A 40 84.2 L.15
<C.0040 3A 45 104.4 5.15
<0.0040 2A 50 259.0 12.78
<0.0040 5 55 200 4 9.89
0.040 6 5 43.2 2.13
0.0L0 3 10 56.1 2.77
0.040 4 15 118.2 5.83
0.040 2 20 483.9 25.87
0.040 S5A 20 123.5 6.09
0.0340 5 25 894.8 IV VA
0.040 27 25 333.3 1£.544
C.040 LA 30 1556.2 76 .77
0.040 3A 35 1185.6 58.49
0.040 bA 40 1983.5 97.85
0.040 1 L5 4596.9 225.78

VLS
VLS
LE
VLS
LE-LS
MS
LE
HE
M3
MS
MS

N
VLS
VLS
VLS
VLS

LS
ME
LS
LS-Ls
LS-LE
LS

VLS
VLS

(a) Test specimen number indicates position in cascade hclder. A
letter following the position nuwber indicates a replacerent
test specimen, folloxing removal of ths initial test specinen.

(k) See Table 2 for rating system.
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TABLE 11 (Contirued)

Total

Sulfur Test (8) Exposure Test Specimen
in Fuel, Specimen Time, Weigzht Loss

wt §  Numper hours - mg o fem<
0.040 2 5 173.3 8.55
0.040 1A 5 59.8 2.95
0.040 3 ic 254.7 12.56
0.040 6A 10 97.2 4.80
C.040 ) 15 233.7 11.53
0.C40 3A 15 76.2 3.76
C.04L0 1 20 355.1 17.52
0.040 ZA 20 1L1.8 7.00
0.040 L 25 1127.3 55.61
0.040 5 25 565.4 27.89
0.40 6 5 70.9 3.50
0.40 3 10 6z.1 5.06
0.40 L 15 131.6 6.49
C.40 5A 15 65.3 3.22
.40 2 20 225 .2 11.11
0.40 24 20 659.2 32.52
Q.40 5 25 809.8 39.95
0.4C 4A 25 2558.1 76.87
0.40 3A 30 340.3 16.79
.40 64 35 1582.9 83.02
0.40 1 4C 4,965.2 24, .95
0.40 2 5 +7-5 2.34
0.40 1A 5 58.2 2.87
0.40 3 16 60.5 2.98
0.40 6A 10 62.6 2.09
0.4C ) 15 126.4 6.2
.40 24 15 60.3 2.97
0.40 24 20 1.6 7.13
0,40 1 20 270.5 13.34
0.40 5 25 L57.4 22.56
Q.40 4 25 1584.2 78.15

—
<]
~—

Apvordix 1

BEERLEEERE EEBEEEE

Test specimen number indicates position in cascade holder. A

letter following the position number indicates a replacement.
test specimen, following removal of the initial test specimen.

(b) See Tabie 2 for rating system.
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TABLE 12

Appendix 1

WEIGHT-LOSS DATA AND VISUAL RATINGS FOR MISCO MDC-1 COATED INCONEL 722C

(1C.0 ppm "Sea Salt" in Air)

Total
Sulfur Test (a) Exposurs Test Specimen
ir Fuel, Specimen Time, Weirght Loss
wt % Nusber ~ hours nig “mg/em?_ Visual Rating (b)
< 0.0040 2 5 60.0 2.96 VLS
< 0.0040 34 5 216.9 10.70 ME-LS
< 0.0040 3 10 7.8 10.74 ME
< 0.9040 2A 10 3092.0 152.54 HS
< 0.0040 5 15 4,205.8 207.48 85
< 0.0040 4 1% 2002.1 98.77 HS
< 0.0043 1 15 2349.9 115.93 ag
< 0.0040 6 15 5683.3 280.62 HS
0.40 2 5 8,.8 4,18 VLS
0.40 34 5 53.0 2.62 VLS
0.40 3 10 83.3 4.11 LS-C
0.40 24 10 96.2 4.75 LS-C
0.40 1 15 1022.1 50.42 HS~C
0.40 L 15 1110.6 54.79 HE=LS5-C
0.4C 5 15 3157.6 155.77 HS-C
0.40 € 15 25%2.9 127.42 HE-LS
4.0 2 5 36.2 1.79 L3
4.0 6 9 156.4 T.72 ME-LS
4.0 5 9 59.0 2.91 LS
4.0 3 9 71.0 3.50 LS~LE
4.0 I 9 194.9 9.62 ME-LS
4.0 1 9 1496.4 73.82 HE-LS
4.0 2 5 3.7 1.81 VLS
4.0 2A 8 63.2 3.12 VLS
4.0 3 10 87.2 4.30 LS-LE
4.0 5 13 101.1 4.99 LS
h.0 6 13 337.6 16.65 ME
L.0 1 13 258,54 12.75 LS
4.0 4 13 189.4 9.34 LS-VLE

~
[
S

Test specimen number indicates position in cascade holder. A

letter following the position number indicates a replacement
test specimen, following removal of the initial test specimen.

(b) See Table 2 for rating system.
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JABLE 13 |
WEIGHT-L0SS DATA AND VISUAL RATINGS FOR

MISCO MDC-9 COATED INCONEL 713C

(Zero "Sea Salt" in Air)

Total
Sulfur  Test (a) Expos..e Test Specimen
in Fuel, Specimen Time, Weight Loss
wt & Number hours mg mg/cm<  Adjusted (b} Visual Rating(c)

< 0.0040 2 5 -1.8 -0.09 0.91 N
< 0.004C 3 10 - 1.7 -0.08 0.92 N
< 0.0040 ) 15 8.5 0.42 1.42 N
< 0.0040 1 20 5.7 0.28 1.28 N-C
< 0.0040 L 25 24,5 1.2 2.21 N-C
< C.CO40 LA 30 17.9 0.e3 1.88 N
<0.0040 1A 35 34.2 1.69 2.69 N-C
<0.0040 6A 40 38.2 1.88 2.88 N-C
<0.0040 34 45 38.8 1.91 2.91 VIS-C
<0.0040 24 50 66.7 3.29 L.29 VLE-C
<0.0040 5 55 2.3 1.10 2.10 N-C
0.040 2 5 -1.8 -0.09 0.91 N
0,040 3 10 L.8 0.24 1.2, N
0.040 6 15 22.6 1.11 2,11 N
0.040 1 20 13.9 0.69 1.69 N
0.040 L 25 8.7 0.43 1.43 N-C
0.040 LA 30 9.1 1.44 2.44 N-C
0.040 1A 35 ik .7 2.20 3.20 K-C
0.040 b4 40 30.0 1.48 2.48 N-C
0.040 34 45 1.7 3.54 4o54 Ls-C
0.040 24 50 68.9 3.40 L.LO VLE-C
0.C40 5 55 88.8 4.38 5.38 LS-C
0.40 2 5 -11.1  -0.54 0.46 N
0.40 3 10 -13.4, -0.66 0.3L N-C
0.40 b 15 -12.7 -0.63 0.37 N
0.40 1 20 ~- 8.3 -0.1A 0.59 N
0.40 I 25 - 0.5 -0.02 0.98 N
0.40 LA 30 2.4 1.35 2.35 VLS-C
0.40 1A 35 38.3 1.89 2.89 VLS
0.40 6A 40 19.8 0.98 1.98 N
0.40 34 45 4.3 0.21 l1.21 N
0.40 2A 50 13.2 0.65 1.65 N
0.40 5 55 42.7 2.11 3.11 VLS
(a) Test specimen mumber indicates position in cascade holder. A

lettor following tks position number indicates a replacement teet
specimen, following removal of the initial test specimen.

(b) Weigh. loss adjusted by adding 1.00 mg/cmZ2.

{¢) See Table 2 for rating system.
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Appendix 1
TABLE 14

WEIGHT-LOSS DATA AND VISUAL RATINGS FOR MISCO MDC-9 COATED INCONEL 713C
(1.0 ppm "Sea Salt" in Air)

Total
Sulfur  Test (a) Exposure Test Specimen
in Fuel, Specimen Time, Weight Loss
wt & Number _ hours mg  mg/em< Adjusted (b) Visual Rating (c)
< 0.0040 2 5 -1.9 -0.09 0.91 N
< 0.0040 3 10 6.8 0.34 1.34 N-C
<0.0040 6 15 35.5 1.75 2.75 VIS-C
< 0.0040 1l 20 41.1 2.03 3.03 VLE
< 0.0040 LA <0 36.2 1.79 2.79 V1LS-C
< 0.0040 I 25 1.9 C.54 1.54 N-C
< 0,0040 1A 25 15.0 0.74 1.74 N-C
< 0.0040 64 30 51.6 2.55 3.55 VLE-C
< 0,0040 34 35 116.1 5.73 6.73 M5-C
<0.0040 24 40 LX6.5 20,05 21.Ck M5-C
< 0.0040 5 L5 190.8 9.41 10.,4 M5-ME-C
0.040 2 5 -5.7 -0.28 0.72 N-C
0.040 3 10 3.5 0.17 1.17 N
0.040 LA 10 11.8 0.58 1.58 N-C
0,040 6 i5 29.4 1.45 2.45 s
0.040 14 15 50,1 247 3.47 VLS-C
0.0L0 1 20 50,2 2.48 3.48 VLE
0.040 64 20 88.0 L.34 5.34 15-C
0.040 A 25 185.2 9.14 10.14 LE-C
0.040 34 25 170.0 8.39 9.39 ME-C
0.040 24 30 774.8 38.22 39.22 H5-C
C.040 5 35 729.1 35.97 36.97 HS-C
0.40 2 5 4.9 -0.24 0.76 v
0.40 3 10 5.0 0.25 1.25 voe
0.40 6 15 L. 2,04 3.04 «esC
0.40 1 20 -7.3 -0.36 0.64 ...C
C.40 LA 20 218.9 10.80 11.80 1E
0.40 L 25 57.1 2.82 3.82 VLE
0.40 14 25 1327.7  65.50 66.50 HS
0.40 64 30 1807.1 89.15 90.15 HS
0.40 3A 35 9.5.2 4515 46.15 M5-C
0.40 2A 40 1336.6  65.94 66.94 HS-C
0.40 5 45 2324.2 114.66 115.66 H5-C

(a) Test specimen number indicates position in cascade holder. A lstter
following the position number indicates a veplacement test specimen,
following removal of the initial test specimen.

(b) Welght loss adjusted by adding 1.00 mg/cm?,

(c) Saee Table 2 for rating system,
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TABLE 1
WEIGHT L0OSS DATA FOR INCONEL 713C_
(Zero "Sea Salt" in Air)
Total
Sulfur Test Exposure Total Specimen
In Fuel, Specimen Time, Weight loss
wt & Number hours mg mg/>m<
< 0.0040 2 5 76.7 3.78
< 0,0040 3 10 180.1 8.38
< 0.0040 6 15 310.1 15.30
< 0.0040 1 20 . 372.0 18.35
< 0.0040 L 25 467.8 23.08
< 0.0040 LA 30 857.3 42,29
< 0.0040 1A 35 950.7 45.90
< 0.0040 68 L0 1847.2 91.13
< 0.0040 34 45 878.8 43,35
< 0.0040 24 50 1516.4  TL.81
<0.0040 5 55 1269.5  62.63
0.040 2 5 102.8 5.07
0.040 3 10 203.7 10.05
0.040 6 15 363.1 17.91
C.040 1 20 514.5 25.38
0.0%0 4 25 863.1 4L2.58
0.040 LA 25 502.9 24.81
0.C40 1A 30 615.2 30.35
0.040 64 35 428.2 2.12
0.040 3A 40 722.5 35,64
0.040 24 L5 1381.6 68,16
0.040 5 50 1370.5 67.61
0.40 2 5 114.6 £.565
0.40 3 10 278,9 13.75
0.40 6 15 31.47 15.52
0.40 1 20 500.8 24.7T1
0.40 A 25 626.7 30.92
0.40 LA 30 949,32 46.32
0.40 1A 35 639.5 31.55
0.40 6A 40 1397.1 68.92
0.40 34 45 980.1 48.35
0.40 24 50 1640.4 80.93
0.4C 5 55 1655.4 81,67
-6 -
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Appendix 1
TABLE 16

WEIGHT 10SS DATA FOR INCONEL 713C
- (1.0 ppm "Sea Salt" in Air)

Total

Sulfur Tast Exposure Total Specimen
In Fuel, Specimen Time, Weight Loss
wt & Number hours mg mg/cm<
< 0.0040 2 5 175.8 8.67
< 0.0040 3 10 438.5 21.63
< 0.0040 ) 15 1156.1 57.03
< 0.0040 LA 1R 1371.5 67.66
<0.0040 1A 20 1458.8 71.97
< 0.0040 1 20 1467.6 72.40
< 0.0040 4 25 2045.9 100.93
< 0.0040 64 25 2321.0 11.,.50
< 0.0040 34 30 1893.3 93.40
< 0.0040 24 35 2642.6 130.37
< 0.0040 5 40 2576.6  127.11
0.040 2 5 312.4 15.41
0.040 LA 5 317.1 15.64
0.040 3 10 963.3 L7.52
0.040 14 10 399.8 19.72
0.040 6 15 1701 .4 d5.91
0.040 64 15 1433.6 70.72
0.040 1 20 2942.7 95.¢4
0.040 34 20 2346.2 115.74
0.640 L 25 4910.6 242.25
0.040 24 25 4470.5 220,54
0.040 5 30 4117.9 203.15
0.40 2 5 560.8 27.67
0.40 1A 5 580.4 28.63
0.40 3 10 1481.8 73.10
0.40 6A 10 2682.0 132.31
0.40 6 15 2977.4 146.88
0.40 3A 15 2730.3 134.69
0.40 1 20 3706.4 182.85
0.40 24 20 4043.9 199.50
0.40 A 25 74,28.8 366.48
0.40 5 25 6070.1 299.46
0.40 5 5 848.3 41,85
0.40 4 5 1340.7 66.14
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Arpendix 2
9. APPENDIX 2
(Tes* Equipment)

9.1. Test Facility

Phillips research facility for testing jet fuel, pictured in
part in Figure 32 has been described previously in detail by Fromm (6).
Air is supplied by rctary Fuller compressors and filtered by a Sales
Vape-Sorber. This air is preheated just hefore it enters the 2-inch
combustor testway by a Theimal Research nhneat-exchanger. Both fuel and
"sea water" are supplied by nitrogen pressurization of their respective
tanks, A portion of the metering and automatic control equipment can
be seen in Figure 33. Air flow rates up to 2.0 lb/sec, at inlet air

pressures up to 15 atmospheres, and inlet air temperatures up to 140C
F are attainable.

9.2, Phillips 2-Inch Combustor

A scale diagram o¢f the 2-incn combustor used in this study
is shown in Figure 34, Design details of the combustor are presented
in Table 17. Basically, it embodied the principal f{eatures of -ombus-
tors used in modern aircraft-turbine engines. It was a straight-through
can-type, combustor with fuel atomizaticn by a single, simplex-type,
nozzie. The combustor liner was fabricated from 2-inch, Scheduls 40,
Inconel pipe, with added internal deflecter skirts for film cooling of
surfaces exposed to the flame.

A scale diagram of the Phillips test rig used in this study
of hot corrosion is gshown in Figure 35. Its design permits easy accesas
to the fuel nozzle, combustor liner, test specimens, etc. The combus-
tor installation was disassembled, inspacted, and reconditioned after
every test period.

Four chrouiel-alumel thermocouples were mounted on equal area
ceulers at the lecation indicated in Figure 35, for measursment of ex-
haust gas temperaturs., The thermocouples were housed in i—;nch diameter
Inconel sheaths for protection.

5
e

The "sea water" injection peint was located in the uench
zone of the combustor, as indicated in Figure 35, rather than upstream
of the combustor or in the primary-combustion zone. This avolde
severe corrosion protlem with the combustcer liner, and alse insure
exposure of test specimens to the desired "sea salt™ cuncentraticn.
The "sea water" was divided into ‘wo metared porticns and introduced
through opposing jets to obtain uniform distributicn of Msea wuler”
in air by impingment of ithe jeol streams.

The exhaust section was walter jacketed tc citalin the desired
Jurability of operation with high-texperature gases.
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Appendix 2
. TADLE 17
DESIGN DETAILS OF FHILLIPS 2-INCH COMBUSTOR
Comtustor Configuration Number 15

4; Fuel Nozzle
; Typa Simplex (Monarch)
s Spray Pattern Semi-Solid Cone (PLP)
L Spray Angle, degrees 50
£ Capacity, gph of No. 2 Fuel 0il @-100 psi 13.8
ﬁv Combustor Dome
? Air Inlet Type Tangential Swirl
s Shiald Hole Diameter, in. 0.625

Total Hola Arsa, sq. in. 0.307

% Total Combustor Hole Area 8.7

Splash Cooling Air

Hole Diameter, in. 0.125

Holes/Station 16

Nunber of Stations 7

Total Number of Holes 112

Total Hole Area, sq. in. 1.374

% Total Combustor Hcle Area 38.7

Primavry Ccmbustion Air
Hole Diameter, in.
Total Number of Holes
Total Hole Area, sq. in.
% Total Combustor Hole Area

WO O
s .
O
o~

Secondary Combustion Air

Hole Diameter, in. C.375
Total Number of Holaa I
Total Hole Area, sq. in. 0.442
% Total Combustor Hole Area 12.5
Quench Air
Hole Diameter, in. 0.625
To*al Number of Holes IN
Total ilole Area, sq. in. 1.227
% Tutal Combustor Hcle Area 3.6
Total Combustor Hole Area, sa. in. 3.546
£ Cross Sectianal Area 133.4
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9.3. Specimen Holders

The general location of the specimen holders in the exhaust
gas from the 2-inch combustor is shown in Figure 35. They are separ-
ated from the 2-inch combustor by a 6-inch, water-cooled, spool; and
are followed by another 12-inch, water-cooled, spool prior to quench-
water injection. Each holder accomodates two metal strips, 1/8 by
1/2 by 2-3/8 inches, as shown in Figure 36, Three holders were com-
bined in a cascade, as shown in Figure 37, with each successive holder
rotaived 120 degrees to prevent channeling of the hot-gas flow. A picture
of the specimens mounted in the cascade is shown in Figure 38.

The cross-sectional area of the 2-inch pipe in which the spec-
imen nolders are located is 3,36 square inches; however, the unblocked
area in the specimen holder is only 1.59 square inches. The holders
maintain the specimens at an angle of 45 degrees tc the axis of the
pipe in which they are located. Tnis provides for arceleration of the
gas flow over the surface of the specimens, much as over the turbine
bladir, '= =~ actual engine, The specimens are subjected to appreciable
gas-pressure loading while the test is in progress. It is sufficient
to slightiy bow the Inconel 713C specimens at the 2000 F test condition,
and the effect increases with expocure time.

The test specimesns mounted in the first stage cf the cascade
were aligned with 4-inch I. D. sighting tubes as shown in Figure 35.
This allowed for measurement, if desired, ¢f their brightness tempera-
ture, using a Leeds and Northrup Model 8622-S optical pyrometer.

9.4. Specimen Cleaning

New specimens wers cleaned by vapor degreasing with trichlero-
ethylene, using the apparatus shown diagramatically in Figure 39.
Subsequently the specimens were handled with degreased stainless-steel
tongs. The initial weight of each test specimen was determined follow-
ing degreasing.

After exposure, cleaning was necessary to remove the frequent-
P ’ 14 {

1y heavy accumulation of surface deposit or scale, to allow for the

measurement of metal loss by the spacimens from hot corrosicn.

In previous studies (1) an ~lectro-cleaning technique was
used which has been described by Shi=lav (7). Briefly, the electro-
cleaning technique consists of immersing the specimens in molten scdium
hydroxide at 750 to 790 F with 1/3 amp/3q cm passing throusgn the spec-
imen for a period of 1U minutes. The specimens were scrubbed with a
wire brush during a water quench, rinsed in acetone, dried, and reweighed.
The apparatus used for electrc-cleaning is shewn !iagrammatically in
Figure 4C. Provisions were made to permit electro-cleaning, simultan-
eously, of six specimens. Thi- techniina was nwad for cleaning Misco
M -1 coated Inconel 713C specimens ani tars Inconel 7130 apecimens
after exposure during the current vrograms.

- 85 -




RESEARCH DIVISION REPORT 4706—67R
APPENDIX 2

i
/ ) TWO 0,507 X 2.38 X 0.125" TEST

SPECIMENS PLACED IN HOLDER
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2X MAGNIFICATION

FIGURE 38
SPECIMENS MOUNTED !N CASCADRE
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In previous studies (1) it was shown that loss of weight of
unexposed test specimens after electro-cleaning was insignificant for
uncoated specimins, but cleaning loss from unsxposed Misco MDC-1 coated
Inconel 713C specimens averaged 1.2 mg/cm2, In the current program,
extrapolaticn of the curves of welght loss with time to zero hours of
exposure also indicats a weight loss of one mg/cm?, or more. To eli-
minate the possible loss of material by electro-cleaning, it was deci-
ded to clean the Misco MDC-9 coated Inconel 713C specimens by water
washing, using deionized water in an wltrasonic bath for 90 minutes.
Specimens were then brushed with a fiber brush, rinsec in acetone, dried,
and weighed. After cleaning the specimens from the first test condition,
it was found that two of the specimens showed a 3light gain in weight,
indicating incomplete removal of corrosion scale or "sea salt" residue,
or both, from the specimens. The specimens were then electro--cleaned
and reweighed. The weight-loss data obtained with both water-washing
and electro-cleaning, for each specimen from the first test, are shown
in Table 18.

Visual inspection of the Misco MDC-9 coated Inconel 713C
specimens revealed that most of the coating had been removed by slectro-
cleaning. Upon investigation, it was found that the temperature of
the caustic bath used for cleaning had inadvertently been at an esti-
mated 900 F, rather than at the standard 75C to 790 F. To further
evaluate the effect of these cleaning techniques on loss of ccating,

a number of unexposed test specimens of tare Inconel 713C, Misco MDC-1
and MDC-9 coated Inconel 713C were cleaned and their weight losses ars
shown in Table 19. As expected, the water-wash in the ultrasonic bath
did not remove a significant amount of material. The uncoated Inconel
713C was relatively insensitive to temperature of the caustic bath, and
weight loss wa3s low i all cases. However, both Misco MDC-1 and MIXC-§
coatings were sensitive to caustic temperature, with the Misco MDC-9
coated Inconel 713C specimens being affected the most.

Upon metallographic examination, modification of the inter-
face between the diffused layer of the coating and the base metal was
cbserved to result from electro-cleaning Mis~-~» MDC-9 coated Inconel
71X specimens. This is iliustratea by the phctomicrographs shown
in Figure 41, whsre a comparison can be made cf the coating on a new
test specimer, unexposed, (Figure 41A) with that on a new test speci-
men which had bLeen electro-cleaned a* 750 F (Figurv 4L1B) and 9C: F
(Figure 41C). The nature of the phase changs observed has not been
established.

A decision was made tc use the water-wash (scnic-cleaning)
technique for cleaning th . Miaco MDC-9 cvated Inconel T13C specinans
in this program. To permit an analysis such as used in previous pru,;rams,
tased on logariihms of weight loss, the weirht-loss values were adjust-
od by the addition of 1..C mg/em tc all vaiues to eliminate negativs
weight losses.
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TABLE 18

EFFECT OF CLEANING TECHNIQUE ON WEIGHY LOSS

BY MISCO MDC-9 COATED INCONEL 713C

(0.40 wt % Sulfur in Puel and 1.0 ppm Sea Salt in Air)

~
]
~r

(b)
(c)
(d)

(o)

Total

Exposure Test Specimen Weight Loss

Time, Water Washed (b} Electro-Cleaned(c) Difference (d)

hours mg mg/cm< ng cm
0 0.8 0.04 20,5 10.88 10.84
5 ~4,9  -0.24  276.4 13.64  13.35
10 5.0 0.25 207.3 10.23 9.98
15 .4 2.04 227.2 11.21 9.17
2 -7.3 -0.36 168.7 8.32 8.68
20 8.9 10.80 373.3 18 .42 7.62
25 57.1 2.82 170.5 8.41 5.59
25 1327.7 65.50 1477.2 72.87 7.37
30 1807.1 89.15 1966.1 96.99 7.84
35 915.2 45.15 1108.5 54.69 9.54
4C 1326.4 65.94 1482.4 73.13 7.19
45 2324.2  114.56  2503.1 123, 8.82

Test specimen number indicates position in cascade hclder, A letter
following the position number indicates a replacement test specimen,
following removal of the initial test specimen.

Washed in deionized water in ultrasonic bath for 90 minutes.

Caustic bath temperature believed to have been 900 F.

Diffarence in weight loss between electro-cleaned and water washec
techniques.

New test specimen, unexposed.
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Test Specimen Weight Loss

WATER WASH

ELECTRO

TOTAL

Coating  mg mg/em?

Inconel
Inconsl
Inconel

Inconael
Inconel

Inconel 7

Inconel

-y

Inconol

(a) Clsaning

(b) Cleaning

mg

coe 0.3 0.02
Misco MDC-1 1.2 0.C%
Misco MOC-9 1.0 0.05
Misco MD2-1 ...

Misco MDC-9

Misco MDC-1

Misco MD( -G

bath temperature 900 F

bath temperature 750 F
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5.6(a)
58.5(a)
77.4(a)

5.4(a)
64.6(a)
87.8(a)

3.4(b)
28.4(b)
0.3(b)

O+ o
& -
RSP

mg/cm?

.29
94
.87

.27
.19
33

17
40
.51
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10. APPENDIX
(Test Materials)

vw
g DR e mr@:@.@ oo el
'

| ; 10.1. Test Fuels

10.1.1. Sulfur in JP-5

The sulfur content of 197 samples of grade JP-5 aviation
turbine fuel, representative of dcmestic and foreign purchases by the
: United States Navy from Sep* ember 1966 to February 1967 had a median
1 ‘ vaiue of 0.04 weight per cent. The cumulative distribustions for West
Ccast, East and Gulf Coasts, Foreign, and Total are shown in Figure
42. These data indicate that a substantial, order-of-magnitude, reduc-
tion in the suvifur limit for JP-5 fuel could drastically curtail avail-
ability, unless accompanied by incentives for modernization of manufac-
t turing techniques.

In previous investigations (1) three fuels were used having
successive, order-of-magnitude, reductions in sulfur ccncentration,
starting at the JP-5 sulfur limit; i.e., C.40, 0.040, and <C.00LO weight
per cent sulfur. These three levels of sulfur concentratlon span the
range for samples in the survey, with the intermediate level of 0.0L0
welght per cent at the median value. It was decided that the current
] ) investigation would be conaucted using the same three sulfur concen-
traticns in fuel.

10.1.2. Base Fuasl

The base fuels selected for ure in this investigation were
sagregated samples of production ASTM Type A aviation-turbine fuel,
The physical and chemical propertiss of interest to this investigatien
are pre3ented in Table 20. The average values of pertinent properties
from “he Bureau of Mines Product Survey (") over the period from 1957
through 196% are &lso showa for grade JP-5 aviation turbine fuel. The
physical and chemical properties of the tase fusl clesely apprexinmate
the averags for JP-5, with the exception of its very low sulfur cont -nt.
The tase fusl alse was analyzed for metal content, to be certain that
its ircn, vanaaium, nickel, and copper contente were aneslirible; ir
present, they would ccrcentrate as ash and micht alter the scale ccm-
pesition on the test specimens exposed to the exhaust gases.

The base fusls are essentially free of sulfur, containin.s
lass than C.0CLU weight per cent., Two fuels of hisher sulfur contents
were produced by blending to O.0LU and U.40 per cent by weijht of sulfur
using ditertiary tuty® disulfide.
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FIGURE 42
SULFUR CCONTENT OF JP-5 FUEL FPURCHASES
(SEPTEMBER 19€ — FEBRUARY 1967)




Resaarch Division Report 4706-6TR

. Appendix 3
TABLE 20

PHYSICAL AND CHEMICAL PROPERTIES QF TFST FU/EL

g Test Fuel Average
P Base (a) Base (b) JP-5 (c)
i Distillation Temperature, F
‘ Initial Boiling Point 332 326
s 5 volume per cent evaporated 350 352
§ 10 volume per cent evaporated 355 357
5 20 volume per ~ent evaporated 366 358 382
it 30 volume per cent evaporated 376 377
5 40 volume per cent evaporated 388 386
: 50 volume per tent evaporated 399 398 413
60 volume per cent evaporated 12 430
70 volume per cent svaporated L7 423
80 volume per cent evaporated bWy Lag
90 volume per cent evaporated 462 LE7 L55
95 volume per cent evaporated 476 473
End Point 496 493
Gravity, degrees API L5.8 45.9 L2.1
Gum, milligrams per 100 mls, 0.6 0.5 1.0
Smoke Point, millimeters 27.0 26.2 23.1
Hydrogen Content, weight per cent 13.8 1.0 13.6
Composition, weight per cent
Sulfur < 0.0040(d) <0.0040(d)  0.10
Metals (e)
Iron < 0,0001 <0,0001
Vanadium < 0.0001 <0.0002
Nickel <0.0001,  <0.000L_
Copper 6 x 10~ 38 x 10~/
Hydrocarbon Types
Normal Paraffins 27 {f) 27 (f)
Isoparaffins 23 (f) 231 (f)
Cycloparzffins 36 (f) 36 (f)
Olefins 0.40 0.33
Aromatics 15.80 13.37 14.3
Notes:

(a) Segregated sample (BJ65-8-G8) of production ASTM Type A aviaticn
turbins fuel, processed from West Texas crude and finished by
hydrctreating.

(b) Segregated sample (BJ66-8-G7) of production ASTM Type A aviation

hydrotreating.

(¢) U.S. Bureau of Minea Petrnlanm Pradnet Surcer (Ref R).

(d) Higher sulfur content test fuel obtained by blending to desired
sulfur level using ditertiary butyl disulfide.

(e) X-ray fluorescsnce analysis.

(f£) Typical value Ior this product.
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10.2. "Sea Watern

10.2.1. Compogition

A synthetic "sea water" was used in this study. Its formula-
tion was taken from the Standard Method of Test for Rust-Preventing
Characteristics of Steam-Turbine Jil in the Presence of Water, ASTM
Desiguation D-665-6C. The components and their concentrations are
shown in Table 21. "Sea water" and "sea salt" (i.e., in quotes) are
used throughout this report to indicate the synthetic composition shown
in Table 21.

As discussed in Refsrence 1, the abundance of various ele-
ments in the synthetic formula compares very fszvorably with the average
sea watar compositiocn. The one exception is silicon, and its exclu-
sion from the synthetic "sea water" seems justified in the light of
its reported variation in abundance from one wate:-mass to ancther
by a fastor of 1000, or mors.

10.2.z. Ingeation Rate

As discussed in Reference 1, astablishing a reali.:ic levsl
for the concentration off "sea salt'" in the air ingested hy a gas-turbine
engine operating in a marine environment is difficult fiom available

iterature. However, it was concluded that arn ingestion rate of 1.0
ppm "sea salt” in air was a realistic level. During the first two
yquarters under tnils contract studies were conducted on the effect of
sulfur in fuel on hot corrosion of Misce MDC-1 and Misco MDC-9 coatings
on Incoriel 713C using two of the thrae levels cf Ysea 3alit™ in air used
in previous investigations (zero and 1.C ppm "sea s.lt" in air). These
two concentrations of "sea salt"™ in air were selected {for the current.
evaluation using uncoated Inconei 713C.

Exploratory tests reported in Refersnce 2 were conducted
with twc levels of sulfur in fuel and 1C.0 ppm "sea sait” 1n air to
evaluate the effect on hot corresion of Misco MIC-1 coqte! Inconel
713C. Thase two tests indicated a beneficial eifect ol sulfur in fuel
which was not shown in the study conducted duringz the first quarter
of this contract with zero or 1.0 ppm "sea salt" in air. Thre=« tests
were conducted during the current investigation using three levels of
sulfur in fuel and 10.0 ppm "sea salt" in air to svaluate the effect
on hot corrosiocn of Misco MDC-1 coated Inconel 7133.

10.3. Test Specimens

In previous studies (1) one superalloy, lnconel 713C, was
avaluated in both the bare and coated condition. The coated speci-
mens ware essentially immune to attack under the conditions of ex-
posure in our standard 5-tour test. This coating-superalloy system,
Misco MDC-1 coated Inconel 713C, was salected for evaluation under
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TABLE 21

Appendix 3

COMPOSITION OF ASTM D665 SYNTHETIC "SEA WATER"

Salt (a)

Sodium Chloride
Magnesium Chloride
Soditr Sulfate
Calcium Chloride
Potassium Chloride
Sodium Bicarbonate
Potassium Bromide
Boric Acid
Strontiun Chloride
Sodium Fluoride

(a) Use cp chemicals.

(b) Use distilled water.

Form:la

NaCl
MgCl,:6H20
Na250y,
CaClp
KC1
NaHCO3
KBr
H3BO3
SrCl2:6H20
NaF

TOTAL

Grams per liter (b)

24.54
11.10
4.09
1.16
0.69
0.20
0.10
0.03
0.04

0.003
“10953
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conditions of extended test duration in the first program under this
contract. A second coating-superalloy system, Misco MDC-9 coated
Inconel 713C, was selected and evaluated during the second quarterly
period of this contract. With the two coating-superalloy systems it
was determined that an exponential relationship could be established
between loss of weight of the specimens and hours of expusure, and a
rate of hot corrosion calculated. All previous studies which we had
conducted with -ncoated Inconel 713C were with a fixed test duratioun
of 5 hours. Tc¢ complete the evaluation of the effect of sulfur in
fusl on hot corcosion of these two coating-superalloy systems at the
2000 F test condition it was decided to conduct exteided tests on the
uncoated Inconel 713C in the same maner as with the two ccatings. This
study has been completed during the current quarterly period under this
contract.

The Inconel 713C test specimens used in previous studies
were cast from Heat No. RW063 by Misco Precision Coating Company.
This supply was exhausted, and a second batch of specimens from Heat
Nc. RWO72 was obtained for programs under this contract. Tne chemical
analysis furnished by the supplier for these two heats of Inconel 713C
are shown in Table 22,

The MDC-1 and MDC-9 were applied by the supplier to test
spscimens of Inconel 713C from Heat No. RW-O72 for these programs.
These coating-superalloy systems are characterized by the following
descriptions.

MDC-1 is an aluminum coating, which was applied by a pack-
diffusion process to obtain a total thickness of approxi-
mately 2 mils. It 13 divided about equally bstwecn an outer
layer which contains ncn-metallic dispersicns, and a diffused
zone.

MDC-9 is a composite coating, rich in aluminum and chromium,
which was applied by a pack-diffusion procesz to obtain a
total thickneas of approximately 2 mils. The inner diffused
zone 1s approximately 45 per ceat of the total coating
vhickness.,

The investment castings of Inconel 713C were finisned by
the supplier by grinding to provids spscimens having a smooth uniform
surface with a thickness of 0.125 t+ 0.C05 inches, a width of 0.500
+ 0.03C inches and a length of 2.375 t+ (.030 inches. The specimens
were inspected by fluorescent penetrant (Zyglo) and X-ray ‘o insure
freedom from cracks, porosity and inciusions.

[
(&)
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TABLE 22

Heat Number

Alloying Elements RWO63 (a) RW072 (b)
Nickel Balance Balance

(71.4) (72.1)
Cobalt <0.1 <0.1
Chromium 12.75 13.10
Molybdenum L.L9 L.51
Tungsten ses oo
Aluminum 6.40 5.73
Titanium 0.64 0.73
Manganese <Gl <8;
Iron 1.43 .93
Zirconium 0.082 0.095
Vanadium .o cee
Silicon 0.16 0.12
Boron 0.009 0.008
Sulfur 0.001 0.004
Carbon 0.15 0.12
Phosphorus cee oee
Copper < 0.1 <0.1
Co + Ta 2.44 2.31
Cb L ) LN BN 2

(a) Used in previous investigation.

(b) Used in present programs.
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From physical measurementa of a random sample of specimens
the average surface area was calculated to tie 20.27 square centimeters.
From random samples of Inconel 713C specimsns, and KDC-1 and MDC-9
coated Inconel 713C specimens, their average weights were determined
to be:

Specimens Average Initial Welght mg
Inconel 713C (uncoated) 19,605
M{sco MDC-1 coated Inconel 713C 19,528

Misco MDC-9 coated Inconel 7T13C 19,780
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11. APPENDIX
(Test Program

The objective of experiments under this contract has been
to evaluate the effect of aulfur in fuel on hot corrosion of coatings
on Inconel 713C when exposed in a marine environment. Previous tests
(1) havas shown that Misco MDC-1 coating on Inconel 713C was imnure to
attack in the standard 5-hour test over a range of temperatures and
concentrations of "sea salt™ in air and sulfur in fuel. An exploratory
program (2) has shown that test severity could be increased to the point
of coating failure by extending the duration of the tests.

The Phillips Test Facility and the Phillips 2-Inch Combustor
used for these experiments are described in Scetion 9.1. and 9.2. of
Appendix 2. The 2000 F test. condition was selected from previois studies
(1). and is described in Table 23, Preparation of specimens for weighing,
before and after exposure, is described in Section 9.4. of Appeniix 2.

The composition of the fuels used for these experiments are desc:ibed
in Section 1n,1. of Appendix 3, compcsition of the synthetic "ses water®
in Section 10.2., and composition of test spscimeans in 3action 1C.3.

During the first two quarterly periods of this contract ex-
periments were conducted with Misco MDC-1 ccated Inconel 713C, an ex-
pleretory test was conducted with Misco MiC-7 and Misco MDC-9 coated
Inconel 71.3C and on the basis of the exploratory tests experimentc
were conducted with Misco MDC-9 coated Incoriel 713C. During the current
quarterly period of this contract additional experiments were conducted
with Misco MDC-1 coated Inconel 713C and with uncoated Inconel 7137.
These programs will be discussed in detail in subsequent sections,

In all tests ihe thrss stages of the cascade (Figure 37)
were loaded with six new specimens prior to the start of a test. "he
cyclic test was operated in periods of 5-hours with the fuel nozzle,
combustor dome and liner, "sea water" injection tubes and test speci-
mens examined at the end of each periou. The basic plan for the ex-
periments consisted of removal of one test specimen, with rsplacement,

the test to 55 hours, or until visual inspection of the specimens indi-
cated heavy attack and the possible loss of a spe..men with further
exposure to the het gases.

11.1. Misco MDC-1 Coated Inconel 713C

During the first two quarterly periods of this contract ex-
periments were conducted with Misco MDC-} coated Irconel 713C, using
twe levels of "sea salt" in air (zero and 1.0 ppm) and three levels
of sulfur in fuel (<(.0C4, C.04U and G.4C weight per cent). Two test
plans were used for thsse experiments. The test plan, and lue order of
specimen removal for the first six tests, are shown in Table 24. 1In
this program "sea waler" was injected thrcugh a single tube irto the
quench zone of the combustor, &s in previocus investigations. After
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TABLE 23
OPERATING CONDITIONS POR PHILLIPS 2-INCH COMBUSTCR
Test Variables Test Conditions

Temperature, deg. F

Nominal Gas 2000

Exhaust Gas (a) 2039

Test Specimen, metal (b) 1970

Test Specimen, surface (c) 2074

Combuator Inlet Air 1000
Prossure, atmospheres

Combustor Inlet Air 15
Mass Flow Rate, pounds per hour

Air 72C0

Fuel 120
Air-Fuel Ratio 60
Flow Velocity, feet per second

at Test Specimen (d) 45
Test Oduratiocn, hours (e) Varied
Notes:
(a) Values calculated using mean specific heatr (5) for 1CC per cant

(b)

(c)

(d)

(e)

combustion efficiency. Tnese values are confirmed by linear
regrassion with measured temperatures in Appendix I of Reference 1.

Calculated mean value from thermoccuple mmasuremsnts of strip
temperature vs calculated gas temperature in Appendix I of
Reference 1.

Calculated mean valus from optical pyrometer readings vs calculated
gas Lemperature shown in Appendix I of Reference 1.

Caleuiated vajue basst =~ unblocked area in specimen holder of
1.59 square inches.

Operating cycle was 55 minutes at test conditions followed by =
minutes with fuel off.
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TABLE 24
TEST PROGRAM FOR EVALUATION OF DURABILITY OF
MISCO MDC-1 COATED INCONEL 713C

Test Plan for Exposure Variables
Sulfur Sea Salt Order
in Fuel, in Air, of

— —ppm_ Tost

0.0040 0 3
0.0040 1.0 5
0.040 0 4
0.040 1.0 2
0.40 0 1
0.40 1.0 6

Order of Test Specimen Removal

Taat

Test Time,
Period  _hr 1 2 3 4 5 &
1 5 (a)
2 10 (a)
3 15 (a)
4 20 (a)
5 25 (a)
? ? (b)
Notes: (a) Remcve test specimen and replace with new test specimen.

(b) Final test duration will be determined by failure of

test specimen in Cascade pcsition Number 1, as indicated

by visual inspection,
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reviewing the data from the six tests, the following medifications in
the test rig and cperating technique were made to eliminate possible
sources of experimental error. To assure that "sea water" was uniform-
ly distributed in the hot gas stream, the test rig was revised to pro-
vide for injection of "sea water" by opposed jets into the quench zone
of the combustor. The "sca water"” was diluted 50 per cent to maintain
the same flow through the jets. To minimize any effect of position

in the cascade, a system of rotation of thes position of specimens was
selected and a revised order of test specimen removal is shown in Table
25. At the completion of each five hour test period, the t-ree specimen
holders in the cascade were rotated, with the holder in Position 1
being moved to Position 3 and the other two holders being advanced one
position. Thus specimens, with at least 15 hours of exposure, were
exposed tc conditions in each of the three stages of the cascade.

With these modifications, one additional test was made at sach of the
thres concentrations of sulfur in fuel, with 1.0 ppm "sea salt" in

air.

A supplemental program was planned to extend the evaluation
of the effect of sulfur in fuel on hot corrosion of Misco MDC-1 coated
Inconel 713C to include 10.0 ppm "sea salt™ in air. The test plan,
and the scheduled order of specimen removal, for the supplemental program
are shown in Table 26. Tests were scheduled with the three levels of
sulfur in fuel used, with 1.0 ppm "sea salt™ in air; however, after
completing tests at the high and low levels of sulfur with little appar-
ent difference in corrosion, it was decided to conduct a test with 4.0
weight per cent sulfur in fuel aiong with the 10.0 ppm "sea salt" in
air to investigate the affect of increasing both the sulfur in fuel and
"gea salt” in air by an order of magnitude. The length of test was
reduced from the original plan because of the increased severity of
corrosion with the presence of 10.0 ppm "sea salt™ in air.

11.2. Misco MDC-9 Coated Inconel 713C

The test plan used for the exposure of Misco MDC-9 coated
Inconel 713C specimens, to evaluate the effect of fuel sulfur on hot
corrosion of this coated superzlloy, is shown in Table 27. The order
of test speciinen removal is shown n Table 25. The test rig used in
this program was modified, as discussed previously, to injsct "sea
water throush two cppocssd jets, and Lns specimen hoidsrs in the cas-
cade were rotated at five hour intervals througiiout the test.
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TABLE 29

REVISED ORDER OF TEST SPECIMEN REMOVAL
(Misco MDC-1 Coated Inconel 713C)

Test

Test Time, Test Spc.imen Location

Period Hours _1 _2 _3 _&4 _5 _6_
1 5 s (2) 35 L 55 b5
2 10 (RQ9) b0 50 b0 Lo 2%
3 15 515 {615) 115 299 3g bys
L 20  (xp) 25 30 4o 520 b
5 25 s (gs) S5 b0 1y 2
6 30 S0 &5 Lio 25 320 bs
7 35 M5 Bo Jas ko 53 ba
8 4o 330 M5 S0 625 lao %5
9 L5 45 030 125 20 335 doo

10 50 130 25 34,0 has 550 635

11 55 345 b3c  Ss5 b 135 25

Notes:

( ) Rgmcve test specimen and repiace with new test specimen.
Terminate test when failure of 2 specimen appears imminent.
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TABLE 26

SUPPLEMENTAL TEST PROGRAM FOR EVALUATICN OF LURABILITY

OF MISCO MDC-1 COATED INCONEL 7:3C

Test Plan for Exposure Variables

Sulfur Sea Salt Order

in Puel, Ir Air of

R ~  _pex Teeh
< 0.0040 10.C ]

U.uLU 10.0 3 (a)

0.0 1C.C 2

4.0 19.0 3 (b)

(a) Tes scheduled but not conducted because of small
differonces between test 1 and 2.

{b) Test conauctea to provide a comparison with botl fuel

sulfur and "gea salt" ° air increased by an order of
magnitude over provious test program.

Scheduled Order of Test Specimen Removal

s vn in Table 25,
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£ TABLE 2

TEST PROGRAM FOR EVALU:TION OF DURABILITY

OF MISCO MDC-9 COATED INCONEL 713C

. Test Plan for Exposure Variables

Sulfur Se. Salt Urder

in Fuel, In Air, of
wt % ppm Test

< 0.0040 0 5

0.040 0 6

0.40 0 2

< 0.0040 1.0 4

< 0.040 1.0 3
i 1.0 1

Order of Test Specimen Removal

l 0.40

A3 shown in Table 25
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11.3. Inconel 713C

The tsst plan used to evaluate the effect of fuel sulfur
content on hot corrosion of Inconel 713C in a marine environment is
shown i~ Table 28. The order of test specimen removal is shown in
Table 25. The test rig was modified to inject "sea water" through two
opposed Jets, and the specimens were rotated in the cascade at five
hour intervals.
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TABLE 28

TEST PROGRAM FOR EVALUATION OF DURABILITY OF INCONEL 713C

Test Plan for Exposurs Variables

Sulfur Sea Salt Order
In Fuel, in Air, of
wt ;‘; ppm Test
< 0.0040 0 6
0.040 0 5
0.40 0] 2
< 0.0040 1.0 L
0.040 1.0 3
0.40 1.0 1

Order of Test Specimen Removal

As shown in Table 25.

- 3111 -

1




e T

UNCLASS IF IED

Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classilication of title, body of abatract und indexing anncfation must be en. ‘od when the cvarell report ie classilied)

1. ORIGINATING ACTIVITY (Corporate suthor) 28. REPORT SECURITY C " ASSITICATION
Phillips Petroleum Company UNCLASS IFIED
Research and Development Department 25 GROUP
Bartlesville, Oklahoma

3. REPORT TITLE
EFFECT OF SULFUR IN JP-5 FUEL ON HOT CORROSION OF COATED SUPERALLOYS
IN MART'E ENVIRONMENT

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

Progress Report No. 3: October 1, 1966 to December 31, 1966

S. AUTHOR(S) (Last name, firet name. initial)

Quigg, H. T. and Schirmer, R. M.

6. REPORT DATE 78 TOTAL NO. QF PAGES 7b. NO. OF REFS
April, 1967 111 9

8a. CONTRACT OR GRANT NO. 9a ORIGINATOR'S RZPORT NUMB!R(S)
Now 66--0263-d Research Division Report 4706-6TR

b. PROJECT NO.

c. 9b. g}'.HrE';o:‘fPORT NO(S) (Any othor numbers that may be assigned

d.
10. AVAILABILITY/LIMITATION NOTICES

Bach transmittal of this Document outside Agencies of the U.S. Government must
have prior approval of the Naval Air Systems Command, Department of the Navy,
Washington, D. C. 20360

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Department of the Navy

Naval Air Systems Command

Washington, D. C. 20360

13. ABSTRACT  fAn experimental investigation is in progress to determine whether the
0.4 per cent by weight of sulfur allowed in JP-5 fuel is a safe level for the
protection of coated superalloys, used in aircraft-turbine engines of advanced
design. when operated in a marine environment. The FPhillips 2-inch combustor test
facility was used to simulate environment in the turbine section of an aircraft
engine with respect to temperature, velocity, pressure, and stoichiometry. Tests
were conducted with a nickel-base alloy (Inconel 713C) uncoated, with an aluminum-
diffusion coating (Misco MDC—l), and with an aluminum-chromium-diffusion coating
(Misco MDC-9) at all combinations of three levels of sulfur in fuel (<0.0040, 0.04
and 0.40 weight per cent) with two levels of "sea salt" in air (zero and 1.0 ppm).

Exponential equations of weight-loss with time have been developed, and

statistically-significant effects have been identified at a 95 per cent confidence
level. In all comparisons, the removal of "sea salt" from the air significantly
decreased the relative rate of corrosion; thus, indicating sea salt to bz a primary
causative agent of hot corrosion. The effect of sulfur in fuel varied with the
superalloy coating and the absence or presence of "sea salt". In the absence of
Mova Sali®™ in ¢ir, a reduction of sulfur in fuel from the present limit to either
0.040 or €0.0040 weight per cent decreased attack with one coated superalloy and
increased attack with the other. In the presence of 1.0 ppm 'sea salt" in air,
a reduction in sulfu to 0.040 weighiu per cent had no significant effect on attack;
however, a reduction .0 <0.0040 weight per cent significantly decreased the relativp
rate of attack with both coated superalloys.

T

DD 7o 1473 023558 UNCLASS IFIED

Security Classification




UNCLASS IF IED

Security Classification

KEY WORDS

LINK A LINK B LINK C

ROL E ROLE WT ROLE wT

CORRNSION
OXIDATION

SULF AT 1ION

TURBINE BLADES
GAS TURBINE BLADES
ALLOYS

NICKEL ALLOYS
COATINGS

ALUMINUM COATINGS
FUELS

JET ENGINE FUELS
SULFUR

SEA WATER

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor. grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report,

2a. REPORT SECURITY CLASSIFICATION: Erter the over
all security classification of the report. Indicate whether
“Restricted Data’ is included. Ma'king s to be in accora-
ance with appropriate security regulations.

2b. QROUP: Automstic downgrading is specified in DoD Di-
rective 5200.10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 anc Group 4 ‘as author-
ized.

3. REPORT TITLE: Enter the complete report titie in all
capital letters, Titles in all cases should be unclaesified.
If a meaningful title cannot be selected witlout clacsifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4, DESTRIPTIVE NOTES: If appropriate, enter the type of
report, e, g., interim, progress, summary, annual, or final,
Give the inclusive dates when a specific reporting period is
covered,

5. AUTHOR(8): Enter the name(s) of author(s) as shown on
or in the report, Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal author is an absolute minimum requirsment,

6. REPORT DATE: Enter the date ~f the report as day,
month, year; or month, yesr. If more than one date aprears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
number of pages containing information

75. NUMBER OF REFERENCES: Enter the total number of
references citad in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the repert was written

85, &, & 8d. PROJECT NUMBER: Enter the appropriate
militery department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR’'S REPORT NUMBER(S): Enter the offi~
cial report number by which the document will be identified
and controlled ty the origicating activity. This number must
be unique to this report.

94. OTHER REPCRT NUMBER(S): If the report has been
assigned any other report numbere (either by the originator
or by the sponsor), also enter this number(s).

10, AVAILABILITY/LIMITATION NOTICES: Enater any lim-
itations on further dissemination of the report, other than those

imposed hy security classification, using standard statements
such as:

1

‘‘Qualified requesters may obtain copies of this
report from DDC."’

“Foreign announcement and dissemination of this
report by DDC is not authorized.””’

““U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

2

3

(4) *'U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users

shall request through

“All distribution of this report is controlled Qual-
ified DDC users shall request through

(s}

”
.

If the report has been furnished to the Office of Technical
$ cvices, Departmen’ of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOIES:
tory notes,

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmertal project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an ahstract giving a brief and factual
summary of the document indica:ive of the report, even though
it may also appear elsewhere ir: the body of the technical re-
port. 'f additionul space is required, a contnuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the ubstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S). (C), or (U).

Use for additional explana-

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are te~hnically meaningfu! terms
or short phrases that characterize a report and may he used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignmeat cf links, rtles, and weights is optional.

PORM

' JAN 84 923551

DD 1473 (BACK)

UNCLASS IF IED

Security Classification




